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ABSTRACT
Five new complexes of  oxomolybdenum(V) have been prepared  
and examined by customary procedures  to  a l low the  assignment  of  
c o r r e c t  formula and s t r u c t u r e .  The formulae of  the new complexes are  
o f  the genera l  type [(C 2 H^)^N][MoOCAgL] o r  [(C2 H,_)^N][MpOBr2 l i ] ,  where 
L i s  a p -d ike tone  such as  dibenzoylmethane,  h ex a f lu o ro a c e ty la c e to n e ,  
p h e n y l t r i f l u o r o a c e t y l a c e t o n e ,  or t h e n o y l t r i f l u o r o a c e t y l a c e t o n e .  The 
methods used to  c h a r a c t e r i z e  the compounds were e lem en ta l  a n a ly s e s ,  
i n f r a r e d  sp ec t ra  ( i n  the reg ion  4,000 to  300 cm ^ ) , e l e c t r o n i c  spec tra  
( i n  the reg ion  10 to  45 kK), eq u iv a len t  conductance,  magnet ic  
s u s c e p t i b i l i t y ,  and e l e c t r o n  paramagnet ic resonance.  In fo rm a t ion  
ga thered  from a l l  of the sources  mentioned above was c o n s i s t e n t  with  
t h e  proposal  o f  paramagnet ic ,  monomeric s t r u c t u r e  fo r  a l l  of  the  
compounds.
In  a d d i t i o n  to  the  above m a t e r i a l s ,  a new'compound was 
prepared  which was t e n a t i v e l y  formulated a s  [(C 2 H^)^N][MoOF2 (CgH^ 
COCHCOCgH^)] .  The amount of  compound ob ta ined  was i n s u f f i c i e n t  to  
a l lo w  the unambiguous c h a r a c t e r i z a t i o n  o f  the su b s tan ce .
The e l e c t r o n i c  s p e c t r a  of  the compounds was s tu d ied  as  
a c e t o n i t r i l e  and methylene c h lo r id e  s o lu t io n s  a t  room tempera ture  
and as minera l  o i l  mulls a t  l i q u i d  n i t r o g e n  tem pera tu res .  The da ta  • 
ob ta ined  was examined and the  e f f e c t i v e n e s s  of v a r io u s  p ro p o sa l s  
concerning the energy l e v e l s  in  oxomolybdenum(V) sp ec ie s  was eva lua ted .  
T h is  allowed assignment  of  most of  the prominant  bands of the s p e c t ra .
v i i i
The f i r s t  d-d t r a n s i t i o n  was observed a t  about 14 kK fo r
the  chloro  complexes and ass igned  as  the t r a n s i t i o n  d , d ♦- d 0 o*r  x z 5 yz x2-y2
The degeneracy o f  the d and d o r b i t a l s  should be removed in  t h i s  ° J xz yz
low symmetry, but  i t  was not  p o s s ib le  to  unambiguously i d e n t i f y  the
s p l i t t i n g  which would be expected in  t h i s  case .  A second group of
bands in  the  neighborhood of 22 kK was assigned a s  a v i b r a t i o n a l
p ro g re s s io n  superimposed upon the d «- d 2  2 t r a n s i t i o n .  On thexy x y
b a s i s  of v a r io u s  arguments i t  was p o s s ib le  to  p r e d i c t  t h a t  the t h i rd
and l a s t  d-d t r a n s i t i o n  should be found a t  r e l a t i v e l y  h igh  energy,
where i t  would be hidden by more i n t e n se  bands. Tena t ive  assignments  
were a l so  proposed fo r  a l igand to  metal  charge t r a n s f e r  a b so rp t io n  
and the rr  ^ *- tt^ i n t r a l i g a n d  t r a n s i t i o n .
ix
GENERAL INTRODUCTION
For the  past  s e v e ra l  years  t h i s  r e se a rch  group has
d i re c te d  much e f f o r t  toward p repar ing ,  c h a r a c t e r i z i n g  and
determining  the s p e c t r a l  p r o p e r t i e s  of t r a n s i t i o n  metal  oxocat ions .
One p a r t i c u l a r  system which has aroused cons ide rab le  i n t e r e s t ,  not
only  in t h i s  l a b o ra to ry  but  a l so  in  many o th e r s ,  i s  the  oxovanadium(IV)
o r ,  as i t  i s  o f t e n  c a l l e d ,  the vanadyl ion .  Since i t s  e l e c t r o n
c o n f ig u ra t io n  may be desc r ibed  as a so le  d e l e c t r o n  o u ts id e  of
an a rg o n - l ik e  in n e r  core ,  t h i s  should be a r e l a t i v e l y  simple
system f o r  s p e c t r a  o bse rva t ion  and i n t e r p r e t a t i o n .  U nfo r tuna te ly
the  problem has no t  proven to  be as  s t r a ig h t fo rw a rd  a s  might be
hoped and a s p i r i t e d  con t roversy  has developed in  the  l i t e r a t u r e
concerning the c o r r e c t  assignment of the v i s i b l e  and u l t r a v i o l e t
a b so rp t io n  bands of  complexes co n ta in ing  th i s  s p e c i e s .  The d ispu te
1 2has r e c e n t l y  been summarized by two review a r t i c l e s  * which are
recommended to the  a t t e n t i o n  of the  i n t e r e s t e d  r e a d e r .  The
r e s u l t i n g  i n t e r e s t  has focused a t t e n t i o n  on o th e r ,  s i m i l a r  systems
which might c l a r i f y  the vanadyl  s i t u a t i o n .  One such system, the
oxomolybdenum(V) or  molybdenyl ion ,  i s  the  to p ic  of concern in
t h i s  d i s s e r t a t i o n .
The crux  of the "vanadyl ques t ion"  has  been the
3
a p p l i c a b i l i t y  of  the Ballhausen and Gray (BG) assignments  f o r
1. S e lb in ,  J . , Coord. Chem. Rev . , JL, 29 (1966).
2. S e lb in ,  J . , Chem. Rev . , 65, 153 (1965).
3. Bal lhausen ,  C . J . ,  and Gray, H.B., Ino rg .  Chem., 1, 111
(1962).
1
2+t h e  spectrum of  V O C l ^ O ) a s  a g e n e r a l . model s u i t a b l e  fo r  the
e xp lana t ion  of  many or  a l l  vanadyl  complexes. This  n a t u r a l l y
4
l e ad s  one to  q u es t io n  the Gray and Hare a t tem pt  to  exp la in  
t h e  v i s i b l e  and u l t r a v i o l e t  ab so rp t io n s  of  (NH^^MoOC^ us ing  
th e  (BG) vanadyl  energy diagram. Gray and Hare adopted t h i s  
approach because  in fo rm at ion  which i s  r eq u i red  fo r  the  molecular  
o r b i t a l  c a l c u l a t i o n  i s  lack ing  f o r  molybdenum(V) and s u f f i c i e n t  
exper imenta l  d a ta  was not  a v a i l a b l e  to  permit  an em p i r ica l  
approach. C e r t a in  workers have a l r e a d y  po in ted  out apparent  
i n c o n s i s t e n c i e s  in  the  GH scheme and i t  would seem t h a t  the  time 
i s  r ipe  f o r  a c a r e f u l  r e -exam ina t ion  of t h e i r  p ro p o sa l .  ■ I t  would 
be e s p e c i a l l y  h e l p f u l  to examine the s p e c t r a  o f  compounds which 
might serve as  a t e s t  of  t h e i r  p ro p o sa l .
2_
Gray and Hare assumed t h a t  the  [MoOCX,.] ion would have
a t e t r a g o n a l  s t r u c t u r e  (C^v symmetry) w i th  a s h o r t  Mo = 0 bond,
analogous to  the s t r u c t u r e s  r ep o r ted  f o r  vanadyl  compounds from
X-ray d e te rm in a t io n s .  They used a coord ina te  system cen tered  on
th e  metal ion  and arranged so t h a t  the oxo-group l i e s  along the
p o s i t i v e  z a x i s  and the  chloro  groups f a l l  d i r e c t l y  on the
remaining C a r t e s i a n  axes .  The same coo rd ina te  system w i l l  be
used throughout  t h i s  d i s s e r t a t i o n .  A C ry s ta l  F i e ld  Treatment
(such as t h a t  p resen ted  in  the appendix of  t h i s  d i s s e r t a t i o n )
p r e d i c t s  th e  s p l i t t i n g  of the  d - o r b i t a l s  i n to  four  energy l e v e l s ,
one of which i s  d eg en e ra te .  F igure  1, drawn from the  Bal lhausen 
3
and Gray paper  , shows the removal of  degeneracy as  the symmetry
4.  Gray, H.B.,  and Hare ,C .R . ,  Ino rg .  Chem.. JL, 363 (1962)
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Figure  1 . Energy Levels ia  C ry s ta ll in e  F ie ld s  o f 0\x and Compressed 
C. Symmetry, T?ith (-3Da +  5Dt) y  04V
of the  l igand arrangement becomes o c ta h e d ra l  (0^ symmetry) and 
then t e t r a g o n a l  (C^v symmetry). For each l e v e l  the f i g u r e  
i n d i c a t e s  the a p p ro p r ia t e  d - o r b i t a l ,  the  atomic symmetry d e s ig n a t io n  
of the o r b i t a l ,  and the  energy as  a f u n c t io n  of Ds, Dt, and Dq.
Dq i s  the  f a m i l i a r  c r y s t a l  f i e l d  s p l i t t i n g  parameter ,  which measures 
the d l e v e l  s e p a ra t io n  due to an o c tah ed ra l  environment,  while  Ds 
and Dt a re  a s so c ia te d  w i th  the f u r t h e r  removal o f  o r b i t a l  degeneracy 
due to  the descent i n  symmetry t o  a t e t r a g o n a l l y  d i s t o r t e d  environment.  
The l a t t e r  two c o n s ta n ts  w i l l  be d iscussed  in  more d e t a i l  l a t e r .
From the simple diagram th ree  d-d t r a n s i t i o n s  a re  p r e d i c t e d :
dxz» dyz<-dxy (energy = 3D + 5Dt)> dx2-y 2,-dxy ( e n e r8y = 10Dcl)> and 
dz 2 *"dxy (energy = lODq - 4Ds - 5D t) .*  I f  a l l  t h r e e  t r a n s i t i o n s  can
be ass igned  i t  i s  p o s s ib le  to c a l c u l a t e  the  va lu es  fo r  Dq, Ds and
Dt. The arrow p o in t in g  to  the l e f t  i n d i c a t e s  the a b s o rp t io n  of
energy,  the ground s t a t e  or  o r b i t a l  being w r i t t e n  on th e  r i g h t .
This convent ion w i l l  be followed throughout  the d i s s e r t a t i o n .
The Gray-Hare molecular  o r b i t a l  diagram fo r  the  system
i s  shown in  F igure  2. M eta l-Chlor ine  tt bonding i s  completely
n eg lected , only oxygen tt o r b ita ls  being used in  the diagram.
Seventeen e l e c t r o n s  (10 from f i v e  c h l o r in e s ,  s i x  from t h e - a x i a l
oxygen, and one from the metal) a re  d i s t r i b u t e d  i n  the o r b i t a l s
2 |j 2  b 2
of  lowest  energy to  produce a ground s t a t e  B^, C(Ia^) ( I l a ^ )
(b^)^  ^ 2 ^ °  'I'^e s Pectrura observed
fo r  t h e  compound [NH^] [MoOCA,.] i s  t ab u la ted
* Wherever i t  appears  t h a t  no ambigui ty might r e s u l t  
the  common p r a c t i c e  of us ing the  metal d o r b i t a l  t o  r e p re s e n t  the 
molecular  o r b i t a l  of  which i t  i s  a p r i n c i p a l  c o n s t i t u e n t  w i l l  be 
fo llowed.
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ORBITALS
ORBITALS
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Figure 2 . M olecular O rb ita l Diagram Proposed fo r  [MoOClj} 
by Gray and Hare ( ro f .  A)
i n  Table 1, which a l s o  inc ludes  the GII assignments  and the
c o n f ig u ra t io n  of  the  e x c i ted  s t a t e  f o r  each assignment,, Bonding
sigma o r b i t a l s  a re  des igna ted  as  IC ( in n e r  c o re ) ,  s ince  they
a re  presumed to  be unimportant  f o r  t r a n s i t i o n s  in  the s p e c t r a l
range under cons idera t ion , ,  The t h i r d  d-d t r a n s i t i o n  (d o <- d )xy'
i s  not ass igned  and i s  presumed to  be covered by the in t e n se  
charge t r a n s f e r  bands0
Table I
E l e c t r o n i c  Absorpt ion S p e c t r a l  Data for (NH.) ^MoOCi- in  10 M 1IC4
4
Assignments according  to  Gray and Hare
frequency* t r a n s i t i o n e x c i t e d  s t a t e * *
14.05 2e ( i )*-2b2 ( IC )12( e ^ ) 4(e*)
22.50 2 2 V B2 ( IC )12( e £ ) 4(b*)
28.20 2E ( I I ) . - 2B2 ( IC )12( e £ ) 3( b 2) 2
32.20 2 2 V B2 ( IC )12( e £ ) 3(b 2) (e* )
41.70 2e  ~ 2B2 ( IC )12(e £ )3(b2) (b*)
* f r e q u en c ie s  are  g iven  in  k i loK ayse rs  (kK), lkK = 1000 cm 
** the  ground s t a t e  i n  each case i s  (IC) ^2( e ^ ) 4 (b2)
By comparing the f requency of the  f i r s t  d-d band w i th  the
d i f f e r e n c e  between the f i r s t  and the second charge t r a n s f e r
bands i t  was p o s s ib l e  t o  e s t im a te  the r e p u l s io n  energy a s so c ia t e d
w i th  p lac in g  a second e l e c t r o n  i n t o  the d o r b i t a l .  A v a lu e  ofxy
8 .4  kK was determined f o r  ammonium oxopentachloromolybdate(V) by them4
2-|.
compared w i th  only  4.7 f o r  VCK^O)^. . On the o th e r  hand, Ballhausen
3 2+and Gray r e p o r t  a r e p u l s io n  energy of  11.7 kK f o r  V0(1I90),_ ,
ob ta ined  by comparing the  p o s i t i o n s  of  the  f i r s t  charge t r a n s f e r  
24-band of VO w i th  the  f i r s t  band of VOCi^o Because of the  l a r g e r  
s i z e  of the d o r b i t a l s  of the molybdenum ion i t  would n a t u r a l l y  
be expected t h a t  the i n t e r e l e c t r o n i c  r e p u l s io n  would be lower 
f o r  oxomolybdenum(V) compounds. This emphasizes the f a c t  t h a t  
the  method used by Gray and Hare p rov ides  only an e s t im a te  of 
the  r e p u l s io n  en e rg ie s  and should be used w i th  t h i s  in  mind.
S p e c t r a l  da ta  fo r  a number of d i f f e r e n t  compounds have
C C.
a p p a r e n t ly  been s a t i s f a c t o r i l y  i n t e r p r e t e d  us ing  the GH scheme. ’
One of  the s t r o n g e s t  arguments in  favor  of a r ra n g in g  the  d l e v e l s
as  proposed by Gray and Hare i s  the  c o n s i s t e n t  o b se rv a t io n  of a
low i n t e n s i t y  v i s i b l e  band a t  a s im i l a r  f requency (~14 kK) in  a
wide v a r i e t y  of  oxomolybdenum(V) compounds. According to the GH
model,  t h i s  corresponds to  a t r a n s i t i o n  from d to  d , d . The * r xy xz ’ yz
s p l i t t i n g  between these  l e v e l s  i s  due to  the t e t r a g o n a l  d i s t o r t i o n ,  
a d i s t o r t i o n  which Gray and Hare have a t t r i b u t e d  almost  e n t i r e l y  to  
the  l igand  f i e l d  of  the oxygen. A n a t u r a l  r e s u l t  o f  t h i s  assumption 
i s  t h a t  a l l  oxomolybdenum(V) complexes should have the  f i r s t  l igand 
f i e l d  t r a n s i t i o n  a t  about the same f requency,  s ince  the same agency 
i s  r e s p o n s ib le  i n  each case .
5. Horner,  S. M., and Tyree,  S. Y . , J r . ,  Inorg .  Chem., 
2,  568 (1963).
6. Madan, S. K . , and Donohue, A. M., J .  Inorg .  Nucl.  
Chem.. 28, 1303 (1966).
8The f i r s t  disagreement with  the  Gray and Hare model
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was re p o r te d  by Al len  £ t  a l .  . These workers  prepared and performed
s p e c t r a l  measurements on a number of  s i g n i f i c a n t  compounds. Some
of  t h e i r  r e s u l t s  a re  shown in  Table I I .  The spectrum o f  the 
2_
[WOCj&^ ] anion was found to  be very  s im i l a r  to  t h a t  a l r e a d y
2_
desc r ib ed  fo r  [MoOCi^.] , i . e . ,  two low i n t e n s i t y  b a n d s •followed
by th r e e  bands a t  h igher  e n e rg ie s  which are  very i n t e n s e .  By
analogy w i th  the  GH scheme and on the b a s i s  of r e l a t i v e  i n t e n s i t i e s  
7A l len  e_t a l .  a s s i g n  the f i r s t  two bands as  l igand f i e l d  t r a n s i t i o n s
and the th re e  bands a t  h ig h e r  en e rg ie s  as  charge t r a n s f e r  (C.T.)
i n  o r i g i n .  This  i s  in  q u a l i t a t i v e  agreement w i th  the GH diagram
but  the model breaks  down under more c a r e f u l  examination.  The
frequency of  the  lowest energy band i s  almost  e x a c t ly  th e  same
f o r  the  tu n g s ten  and molybdenum complexes. I f  one accep ts  the  Gray
and Hare scheme, i t  fo l lows  t h a t  the energy gap between b^ and
e* must a l s o  be the same in  bo th  complexes. I f  t h i s  were t r u e ,  one
would expect  l i t t l e  change in  the  s e p a ra t i o n  between b^ and e^.
f o r  the  two complexes and so the f i r s t  two C.T. bands should occur
2- 2"a t  about the  same frequency f o r  [MoOC^] and [WOC£^] . However, a l l
th re e  charge t r a n s f e r  bands f o r  the  tu n g s ten  complex a re  observed
to  blue s h i f t  by 4000 to  5000 cm Although the  s h i f t  to  h ig h e r  
energy i s  expected f o r  th e  t h i r d  band because of the  i n c r e a se  in  
Dq, which i s  usua l  when moving down a fam ily  in  the  t r a n s i t i o n
7. A l len ,  E. A. ,  Br isdon,  B. J . , Edwards, D. A.,
Fowles, G. W. A. ,  and Will iams,  R. G . , J .  Chem. S o c . , 4649 (1963).
m eta ls  i f  o th e r  f a c t o r s  a re  co n s ta n t ,  the la rge  energy s h i f t  of 
the  f i r s t  two charge t r a n s f e r  bands i s  i n e x p l i c i b l e  in  terms of 
th e  Gray and Hare MO p ro p o sa l .
TABLE I I
V i s ib l e  and U l t r a v i o l e t S p e c t r a l  Data fo r  the Oxohalide Complexes 
(from r e f . 7)
complex co n d i t io n s peak p o s i t i o n s  (kK) (molar e x t i n c t i o n  
c o e f f .  in  pa ren th eses )
M* MoOCj^ aq. HCJL 14.10 (11 ) ;  22,42 (10 ) ;  28.01 (570) 
32.26 (5300); 40.00 (3600)
M* MoOBr5 aq.  HBr 14.29 ( 7 ) ;  21.28 (560);  2410 (3200) 
26.53 (2500)
M* WOCX5 aq.  HCjJ 14.20 (29 ) ;  25.19 (16 ) ;  32.79 (500);  
37.17 (2700);  44.44 (3000)
The problem becomes even more acu te  i f  the spectrum of
2“ 7the  [MoOBr,.] an ion i s  examined. Allen  e t  a l .  found' t h a t  the
d-d band (on ly  one band i s  observed which appears  to  have the
a p p r o p r i a t e  i n t e n s i t y )  i s  s l i g h t l y  blue s h i f t e d  i n  t h i s  compound
compared to  the ch lo ro  analogue.  A l l  th re e  charge t r a n s f e r  bands
a re  r e d - s h i f t e d  in  the bromo complex. I f  the same reason ing  i s
a p p l ied  to  t h i s  system i t  i s  aga in  ev iden t  t h a t  t h i s  o b se rv a t io n
i s  i r r e c o n c i l a b l e  w i th  the GH p ro p o sa l .  A l len  and h i s  a s s o c i a t e s
conclude t h a t  " the  r r -e lec t rons  of  the  bromine atoms are  involved
in  a t  l e a s t  some of  the t r a n s i t i o n s " .  However, they  do not
mention any p o s s ib l e  e f f e c t  on the d-d t r a n s i t i o n  ass ignm ents .
10
g
Horner and Tyree a l s o  argue t h a t  halogen to  metal
ir-bonding i s  importan t  in  oxomolybdenum complexes and f ind
evidence t h a t  t h i s  i s  t r u e  not only in  the  chloro but a l s o  the
bromo complexes. In  a s tudy of  the sp e c t r a  of  niobium and tan ta lum
oxohalom eta la tes  they  found the  charge t r a n s f e r  bands of the  bromo
complex to  red s h i f t  compared to  the ch loro  complex, j u s t  as had
been observed by Al len  £ t  a l .  i n  the oxomolybdenum(V) complexes.
They a l s o  noted a g r e a t  s i m i l a r i t y  i n  the charge t r a n s f e r  bands
f o r  MXg and MOX^  (where M i s  Nb, Mo or W, and X i s  CA or  B)0
They suggested t h a t  t h i s  s i m i l a r i t y  was d i f f i c u l t  to  ex p la in  un less
th e  t r a n s i t i o n s  involved molecular  o r b i t a l s  w i th  co n s id e rab le
halogen c h a r a c t e r .  As f u r t h e r  evidence they  note t h a t  the  MO
2+ 3c a l c u l a t i o n  f o r  [VOCH^O)^] ion p r e d i c t s  the energy of  the oxygen
tt l e v e l  as  -132,000 cm * and the energy o f  the vanadium 3d l e v e l
a s  -113,000 cm They assume t h a t  the oxygen tt l e v e l  l i e s  a t
2-
about  the  same l e v e l  in  [MoOCA,-] and e s t im a te  the energy fo r
the  4d e l e c t r o n s  of  molybdenum or  niobium to be about -100,000 cm
9
The energy of the c h lo r in e  tt l e v e l s  has been c a lc u la t e d  as  about 
-103,000 cm  ^ us ing  a s i m i l a r  method of c a l c u l a t i o n .  Since the 
c h lo r in e  tt l e v e l s  l i e  above the  oxygen tt l e v e l s  by what i s
g
a p p a r e n t ly  a s u b s t a n t i a l  amount, Horner and Tyree i n s i s t  t h a t  the 
h i g h e s t  bonding molecular  o r b i t a l  l e v e l s  in  the energy diagram 
should be those  a r i s i n g  from the  CA n l e v e l s .  They conclude th a t
8. Horner,  S.M„, and Tyree,  S .Y . , J r . ,  Ino rg .  Nucl .  Chem. 
L e t t e r s . _1, 43 (1965).
9. Brisdon,  B . J . ,  and Walton, R.A.,  J .  Chem. S o c . , 2274 (1965).
any i n t e r p r e t a t i o n  of the  charge t r a n s f e r  spectrum of  MoOCA,. 
must cons ide r  c h lo r in e  tt bonding,,
Feenan and F o w l e s ^  a l so  q u es t io n  the  v a l i d i t y  of  the
Gray-Hare assignments  i n  connection w i th  the  s p e c t r a  of  c e r t a i n
compounds of the type MoOCA^2L and MoOCAyL1 (where L i s
one of  s e v e ra l  u n id en ta te  l igands  such as  t e t r a h y d ro f u ra n ,
t e t r a h y d ra th io p h e n e ,  e t c „ ,  and L 7 i s  a b i d e n t a t e  l igand  such as
1 ,4 -d ioxane ,  1 , 4 - th io x a n e ,  e t c . ) .  A low i n t e n s i t y  ( e x t i n c t i o n
c o e f f i c i e n t  between 14 and 40) band i s  observed a t  about 13,000 cm
in  each case and t h i s  i s  ass igned to  the d , d «-d t r a n s i t i o n43 x z3 yz  xy
in  accord w i th  Gray and Hare. The second band (e = 11 - 18)J max
proves  more d i f f i c u l t  t o  ex p la in  s a t i s f a c t o r i l y .  I t  i s  found a t  
about  19 kK fo r  oxygen l igands  such as  t e t r a h y d ro f u ra n  and a t  
about  15 kK fo r  the  s u l f u r  analogues .  Horner and Tyree"* prepared 
s i m i l a r  compounds w i th  L being t r ipheny lphosph ine  oxide,  t r ip h e n y l  
a r s i n e  oxide,  or dimethyl  su l fox ide  and r e p o r te d  a f i r s t  band a t  
13.5 to  1308 kK and the second a t  22.3 t o  22.7 kK. Feenan and 
Fowles suggest  t h a t  the movement of  the second band to  h igher  
e n e rg ie s  as  the  l igand i s  changed from a t h i o e t h e r ,  to  an e th e r  
and f i n a l l y  a phosphine or a r s in e  oxide corresponds to  the normal 
o rd e r  of l igand f i e l d  s t r e n g t h  but the magnitude of  the  change i s  
q u i t e  unexpected and p e rp lex in g .
The most p e rsu as iv e  evidence in  support  of the  GH
10. Feenan, K . , and Fowles, G. W. A. ,  Ino rg .  Chem., 4, 
310 (1965).
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scheme a r i s e s  from i n v e s t i g a t i o n s  conducted by Wentworth and
P i p e r ^  on the s p e c t r a  of oxopentahaloniolybdenum(V) anions  in
ho s t  l a t t i c e s  a t  l i q u i d  n i t ro g e n  tem p era tu re s .  Although unable
to  o b ta in  o r ie n te d  c r y s t a l s  s u i t a b l e  fo r  p o la r iz e d  s p e c t r a ,  they
suggest  the  h ig h e r  i n t e n s i t y  of  the f i r s t  band r e l a t i v e  to  the
second i s  c o n s i s t e n t  w i th  Gray and H a re 's  assignments  s in ce  the
s e l e c t i o n  r u l e s  i n  C, symmetry al low d , d «-d bu t  fo rb id4v J J xz ’ yz xy
the  o th e r  p o s s ib l e  d-d t r a n s i t i o n s .  The l a t t e r  would be expected 
to  ga in  i n t e n s i t y  from v i b r a t i o n a l  i n t e r a c t i o n  and so would be 
of lower i n t e n s i t y  but not complete ly  fo rb idden .  The s p l i t t i n g  
parameter ,  Dq, i s  ass igned  a v a lu e  of 2260 cm  ^ and comparison 
of t h i s  v a lue  w i th  t h a t  determined f o r  v a r io u s  hexachloromolybdates  
i n d i c a t e s  a charge of  s l i g h t l y  more than +4 on the molybdenum ion 
compared to  the c h lo r id e  i o n s .  The f i r s t  d-d band i s  s p l i t  f o r  
a l l  t h r e e  halogen d e r i v a t i v e s  and t h i s  i s  a s c r ib e d  to  the  e f f o r t s  
of  a v i b r a t i o n a l  p ro g re s s io n  superimposed on the  e l e c t r o n i c  
t r a n s i t i o n .
Of p a r t i c u l a r  s ig n i f i c a n c e ,  in  the  work c i t e d  above, i s
the  d i s c u s s io n  of  t e t r a g o n a l  d i s t o r t i o n  in  the vanadyl  and molybdenyl
systems as measured by the  param eters  Dq, Ds and Dt. As shown in
the  appendix of t h i s  d i s s e r t a t i o n ,  these  terms a re  formulated
us ing  a c r y s t a l  f i e l d  approach so t h a t
I  xy
= 6 P4
_ 1 xy z+ z - ,
= y  < - W  " p2 '  ^2 >
1 xy z+ z-.Dt _ 21 (2p4 - p4 )
11. Wentworth, R.A.D.,  and P ip e r ,  T . S . ,  J .  Chem. P h y s . , 41, 
3884 (1964).
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where = e q ( n^ ) ,  Here e r e p re s e n t s  the  e l e c t r o n i c  charge and 
R
q the e f f e c t i v e  l igand charge,  while  R and r  a re  used t o  d e l i n e a t e
the  metal ion  to  l igand  and the e l e c t r o n  to  metal  d i s t a n c e
r e s p e c t i v e l y .  The p o s i t i o n i n g  o f  the'  l igands  w i th  r e s p e c t  to
the C a r te s ia n  co o rd ina tes  i s  e s t a b l i s h e d  as  desc r ibed  p re v io u s ly
(see  pg. 2 ) .  To in su re  t h a t  th e se  e qua t ions  a re  c o n s i s t e n t  w i th
e a r l i e r  fo rm ula t ions  of  Ds and Dt i t  need only be noted t h a t  i f
both a x i a l  l igands  e x e r t  i d e n t i c a l  f i e l d s  the  e qua t ions  reduce
12to the form p r e d ic t e d  by P ipe r  and C a r l in  f o r  the  c e n t r i c
t e t r a g o n a l  f i e l d .  I f  a l l  of  the l igands  e x e r t  the  same f i e l d  Ds
and Dt become zero  and the equat ion  fo r  Dq i s  t h a t  of a r e g u l a r  
12o c tah ed ra l  case .
One s i g n i f i c a n t  p r e d i c t i o n  i s  s t r e s s e d  by Wentworth and 
P ip e r :  Ds and Dt should be nega t ive  q u a n t i t i e s . Such a proposal
fo l lows  n a t u r a l l y  from the assumption of the  overpowering
z+importance of  the  oxygen f i e l d .  Under th ese  c ircumstances
must be l a r g e r  than  the  o the r  terms.  In  f a c t ,  th e  r e l a t i v e  o rder
of  magnitude of the  terms as  enuncia ted  in  t h e i r  paper  i s
p^+»  p  ^ ~  p*^. Acceptance of t h i s  o rder  leads  n a t u r a l l y  to
the s ta tem ent  in  q u es t io n ,  s ince  i t  fo llows t h a t  the two terms w i th
neg a t iv e  v a lu e s  w i l l  overwhelm the  p o s i t i v e  term. This  theory
w i l l  be t r e a t e d  in  some d e t a i l  in  the d i s c u s s io n  s e c t io n .
From the above in fo rm at ion  i t  would appear  t h a t  some 
se r io u s  d i s c r e p a n c i e s  remain to  be r a t i o n a l i z e d  be fo re  a complete ly
12. P ip e r ,  T .S . ,  and C a r l in ,  R .L . , J .  Chem. P h y s . , 33, 
1208 (1960).
s a t i s f a c t o r y  s o lu t i o n  o f  the o p t i c a l  and u l t r a v i o l e t  s p e c t r a  of  
oxomolybdenum(V) complexes i s  ob ta ined .  Under these  c ircumstances  
i t  i s  n a t u r a l  to  tu rn  to  the  r e s u l t s  of E le c t ro n  Paramagnet ic 
Resonance (EPR) measurements to  c l a r i f y  the problem. I n s p e c t io n  
o f  the l i t e r a t u r e  in  t h i s  f i e l d  r e v e a l s  f u r t h e r  d isagreem ent .
One of the f i r s t  r e p o r t s  of EPR da ta  f o r  an oxomolybdenum(V)
s p e c ie s  was the  work by Hare, Bernal ,  and Gray , who determined 
gav (average)  f o r  (NH^)2 [MoOC^^] in  concen t ra ted  a c i d i c  s o l u t i o n .
The i n t e r p r e t a t i o n  proposed was p r ed ica te d  upon the bonding model
4
espoused by Gray and Hare . Values fo r  gj^ and g | |  were not  
observed d i r e c t l y  but r a t h e r  were c a l c u l a t e d  us ing  eq u a t io n s
t r a n s i t i o n s  taken  accord ing  to  the GH ass ignm ents .  The g v a lue
where § i s  the s p i n - o r b i t  coupl ing  c o n s ta n t ,  AE r e p r e s e n t s  the
i s  the bonding c o e f f i c i e n t  f o r  the an t ibond ing  l e v e l s .  Using 
t h e s e  r e l a t i o n s h i p s  i n  con junc t ion  w i th  the equa t ion
13
3
d e r iv e d  by Bal lhausen  and Gray w i th  the en e rg ie s  of the  d-d
e x p re s s io n s  fo r  a d t r a n s i t i o n  metal  oxoca t ion  in  a C, l igand
s e p a r a t i o n  between the d l e v e l s  of  the  symmetry i n d i c a t e d ,  and C*
13. Hare, C.R. ,  Berna l ,  I . ,  and Gray, H.B.,  In o rg .  Chem.,
1, 831 (1962).
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13Hare ej: a l .  o b ta in  a v a lu e  of  1.965 f o r  gj^ and 1.915 f o r  g j j .
The s p i n - o r b i t  coupl ing  cons ta n t  i s  assumed to  be reduced from 
an es t im a ted  v a lue  of  1030 cm ^ in  the  f r e e  molybdenum(V) i o n ^  
t o  only 240 cm ^ in  the complex. The e x p lan a t io n  they  o f f e r  fo r  
such an u nbe l ievab ly  l a rg e  r e d u c t io n  i s  s t ro n g  oxygen-to-meta l  
tt bonding.
More r e c e n t  r e s u l t s  have f a i l e d  to  co r ro b o ra te  the  
v a lu e s  c a l c u l a t e d  by Hare e t  a l .  , Gutowsky and c o - w o rk e r s ^  
were ab le  to  determine bo th  g j j  and gj^ from the  EPR spectrum of 
t h e  [MoOCj^.]^ anion in  a hos t  c r y s t a l  l a t t i c e .  The r e s u l t s ,
1.9632 f o r  g j j  and 1.9400 f o r  gj^,  not only d i s a g r e e  by a 
s u b s t a n t i a l  amount w i th  the Hare e t c .  r e s u l t s  but a re  opposi te  
i n  o rder  of  magnitude. S p e c t r a l  r e s u l t s  and the  f a c t  t h a t  gav o
c a l c u l a t e d  from the c r y s t a l  o b se rv a t io n  agrees  w ith  g fo rav o
th e  s o lu t i o n s  v e r i f y  t h a t  both  r e se a rc h  groups were observing 
t  he same e n t i t y .  Gutowsky et: a l .  suggest  t h a t  the reversed  r e l a t i v e  
magnitudes  of  the  g v a lu e s  should be r e f l e c t e d  in the  bonding 
c o e f f i c i e n t s .  The s p i n - o r b i t  coupling parameter  i s  given a value  
i n  the  range 650 to  800 cm I t  i s  proposed t h a t  in -p la n e  
bonding i s  more important  fo r  molybdenyl than vanadyl  complexes 
and t h a t  l igand  s p i n - o r b i t  e f f e c t s  a re  s i g n i f i c a n t  in  the molybdenum 
complexes. The reversa l  i n  the r e l a t i v e  magnitude o f  the g s h i f t s  
i s  presumed to be a r e s u l t  of the l a rg e  s p i n - o r b i t  i n t e r a c t i o n  and
14. Dunn, T.M., Trans .  Faraday Soc. . 57, 1441 (1961).
15. DeArmond, K . , G a r r e t t ,  B.B. ,  and Gutowsky, H.S.,  
J .  Chem. P h y s . , 42, 1019 (1965).
16
and the genera l  covalency of the  complexes.
The r e l a t i v e  magnitude of the  g v a lu e s  f o r  (NIL).[MoOCX ]
4 2 5
i s  v e r i f i e d  by the  experiments  of  Kon and S h a r p le s s 16. They 
examined the  EPR s p e c t r a  of [MoOCX5] 2r and [MoOBr5 ] 2“ s o lu t i o n s  in  
th e  a p p ro p r ia te  concen tra ted  a c id  a t  room tempera ture  and a l s o  in  
f ro z e n  s o lu t i o n s  (77°K). These o b se rv a t io n s  allowed them to  
determine g ^ ^  and g j j  d i r e c t l y  and to c a l c u l a t e  gj^ from these  
r e s u l t s .  The ir  v a lu e s  a re  shown in  Table XXX, which a l s o  inc ludes  
th e  o the r  r e s u l t s  d iscussed  p r e v io u s ly .  As may be r e a d i l y  seen 
the  v a lu es  obta ined  us ing  the Gray and Hare ass ignments  seem to 
be in  r a t h e r  poor agreement w i th  the r e s u l t s  of  more d i r e c t ,  and 
presumably more a c c u r a t e ,  methods.
TABLE I I I
Values o f  gj^ , g 1 1  and g^  f o r  halomolybdenum(V) anions
compound 8av. S H 81 r e f e r e n c e
MoOCf 2“ 1.947* 1.915 1.965 13
1.947 1.9632* 1.9400* 15
1.947* 1.960 1.936 16
[Mo(OCH3) 2Cj64 ] 1.9463 1.9700 1.934 17
MoOBr52“ 1.993* 2.090* 1.945 16
* i n d i c a t e s  v a lu es  ob ta ined  by d i r e c t  ob se rv a t io n .  
The o th e r  v a lu e s  a re  c a l c u l a t e d  from the observed r e s u l t s .
16. Kon, H . , and S h a rp le ss ,  N. E . ,  J .  Phys. Chem.. 70.
105 (1966). ~  “ '
17 . McClung, D.A. , Dal ton ,  L .R . , and Brubaker,  C.H. , J r . ,  
In o rg .  Chem.. j), 1985 (1966).
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Of s p e c i a l  i n t e r e s t  i s  the e x p la n a t io n  proposed by
Kon and S harp less  f o r  the  appearance of  e x t r a  s t r u c t u r e  superimposed
on the  broad p e rp e n d ic u la r  band as  observed in  f rozen  s o l u t i o n s .
This  s t r u c t u r e  remained, even in  samples which had been h ig h ly
enr iched  w i th  a molybdenum i so to p e  having zero  sp in  and so the
bands cannot o r i g i n a t e  due to  hyp e r f in e  s p l i t t i n g  caused by
molybdenum n u c l e i  having non-zero  sp in .  The d a ta  i s  b e s t  exp la ined
by superhyper f ine  i n t e r a c t i o n  w i th  the bromine l ig a n d s .  Bromine
c o n s i s t s  p r im a r i l y  of  n u c l e i  having a sp in  of 3 /2 .  The i n t e r a c t i o n
most probably  occurs  due to  rr bonding between the bromine p
16o r b i t a l s  and the d o r b i t a l .  In  t h i s  same paper an ex p lan a t io n
i s  proposed fo r  the  d i f f i c u l t i e s  which have been encountered
in  th e  d i s c u s s io n  of  charge t r a n s f e r  bands of  oxymolybdenum(V)
when the GH energy l e v e l s  a re  used.  These au th o r s  i n d i c a t e  t h a t
compounds o f  t h i s  type e x h i b i t  anomolous g v a l u e s ,  in  t h a t  g j j  .
i s  g r e a t e r  than  S j^ o r  § Jj i s  g r e a t e r  than  2.0023. Such r e s u l t s
a re  presumed to  i n d i c a t e  a low - ly ing  e x c i t e d  e l e c t r o n i c  c o n f ig u ra t io n
in  which an e l e c t r o n  in  a f i l l e d  b^, sigma o r b i t a l  i s  e x c i t e d  to
the  d metal  o r b i t a l .  Such a t r a n s i t i o n  would be expected to  xy 1
s h i f t  in  j u s t  such a f a sh io n  as  t h a t  noted by Al len  e t  a l . ^
(see  p rev ious  d i s c u s s io n )  and would not be i n c o n s i s t e n t  w i th  the 
arguments advanced i n  connect ion  w i th  the  t r a n s i t i o n  from an 
oxygen rr l e v e l .  The r e l a t i v e l y  low i n t e n s i t y  bands a t  28 kK in  
the  ch loro  and 21 kK in  the  bromo complexes (see  Table I )  a r e  
suggested as  the  b^ «- b^ charge t r a n s f e r  t r a n s i t i o n s .  The low 
i n t e n s i t y  would be expected s ince  the  e x c i t i n g  of an e l e c t r o n  from
to  a b^ s t a t e  i s  fo rb id d en  due to  symmetry arguments.  As
18
support  f o r  t h e i r  su p p o s i t io n  these  workers  argue t h a t  the
evidence shows t h a t  th e  metal-oxygen bond i s  predominant due to
s t ro n g  rr bonding and t h a t  the m eta l -ha logen  bondings a r e  e a s i l y
d i s s o c i a t e d  and thus  much weaker . Therefore  the t r a n s f e r  of an
e l e c t r o n  from a sigma bonding o r b i t a l ,  which i s  u s u a l ly  presumed
to  r e q u i r e  co ns ide rab le  energy,  may occur a t  a much lower
frequency than i s  u s u a l ly  expected.
A survey of  the  r e c e n t  l i t e r a t u r e  to  f in d  support  f o r
th e  Kon and Sharp less  p roposa l  d i s c l o s e s  l i t t l e  co n c re te  evidence.
17McClung, Dalton,  and Brubaker have observed the  e l e c t r o n i c
and EPR s p e c t r a  of  s e v e ra l  complexes of the  type M[Mo(OR)
where M i s  a l a r g e ,  o rgan ic  c a t i o n ,  such as  pyr id in ium,  and R i s
a methyl or  e th y l  group. These au tho rs  suggest  t h a t  the alkoxy
groups a re  t r a n s  to  each o th e r  and so the molecu lar  symmetry i s
D ^ «  In genera l  the s p e c t r a  c o n s i s t  of  a low i n t e n s i t y  band a t
about 14 kK (e = 15 to  30) which i s  ass igned  as  the d ,d «-dx z ’ yz xy
t r a n s i t i o n .  This  sugges ts  t h a t  the  f i e l d  of the  methoxy groups
i s  r a t h e r  s t ro n g ,  f o r  the  degree of t e t r a g o n a l  d i s t o r t i o n  i s
e q u iv a le n t  to  t h a t  observed f o r  the oxomolybdenum complexes. Since
g j | i s  g r e a t e r  than  g j (see Table I I I )  t h e  th eo ry  of  Kon and
Sharp less  would seem to  r e q u i r e  a low energy charge t r a n s f e r  band
w i th  e x t i n c t i o n  c o e f f i c i e n t  i n  the range of  300 to  500. The only
a b s o rp t io n  which:appears  to s u i t  t h i s  p r e d i c t i o n  i s  a low i n t e n s i t y
band (e  w 200) a t  approximate ly  23 kK which i s  a s s igned  as  the
second d-d t r a n s i t i o n ,  d o  0 <- d by MuClung e t  a l .  These•» x^-y^ xy J ----------
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au th o r s  suggest  t h a t  the  dg£ ^Xy as  w e l l  as  the  charge t r a n s f e r
bands a r e  "hidden" under t h i s  absorption,,  They f a i l  t o  i n d i c a t e
t h a t  any asymmetry of  the  band or  o th e r  evidence from the s p e c t r a
leads  them to  t h i s  conclusion,,  The p la c in g  of the d ^
t r a n s i t i o n  in  t h i s  reg io n  i s  c o n t r a ry  to  the work of  Wentworth
and P i p e r ^  as  w e l l  as c e r t a i n  arguments which w i l l  be advanced in
the  d i s c u s s io n  s e c t io n  of  t h i s  d i s s e r t a t i o n .  In  the absence of
d i r e c t  ev idence such an assignment  seems q u e s t io n a b le .  The
e x i s t e n c e  of  the  charge t r a n s f e r  t r a n s i t i o n  i s  more d i f f i c u l t  to
a c c e s s .  I f  i t  does e x i s t ,  the  i n t e n s i t y  must be much lower than
the  range p r e d ic t e d  by Kon and S harp le ss  s in ce  the  band envelope
almost  s u r e l y  co n ta in s  the d^2 y2 d t r a n s t i o n .  In summary
t h i s  evidence seems to  be i n c o n c lu s iv e .
18 19Fowles and F r o s t  ’ have prepared and observed the
e l e c t r o n i c  s p e c t r a  of a number of  complexes o f  oxotungsta te(V)
and (VI) and d e te c te d  a low i n t e n s i t y  charge t r a n s f e r  t r a n s i t i o n
i n  each case .  They s t a t e  t h a t  i t  i s  not p o s s ib l e  to  determine
whether  the t r a n s i t i o n  i s  from a sigma or a p i  l e v e l  on the b a s i s
of t h e i r  o b s e rv a t io n s .
F u r th e r  EPR s p e c t r a  of the oxohalomolybdenum(V) complexes
20have been measured by Dowsing and Gibson , who r e p o r t  agreement
w i th  the  v a lu es  r ep o r ted  in  Table I I I  (except  f o r  the r e s u l t s  of
13Hare, B erna l ,  and Gray ) .  Although these  a u th o r s  r e f e r  to  the
18. Fowles, G.W.A., and F r o s t ,  J . L . , J .  Chem. S o c . . 1631 (1966).
19. Fowles, G.W.A., and F r o s t ,  J . L . ,  J .  Chem. S o c . , 671 (1967).
20. Dowsing, R.D.,  and Gibson, J . F . , J .  Chem. Soc. ,  655 (1967).
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paper by Kon and Sharp less  they choose to  ignore  the o p p o r tu n i ty  
to  comment on t h e  sugges t ion  t h a t  one of  the sigma bonding l e v e l s  
l i e s  a t  r e l a t i v e l y  h igh  energy,, However, they  do i n t e r p r e t  t h e i r  
da ta  in  terms o f  the equa t ions  f o r  g j | and gj^ proposed by 
Bal lhausen  and Gray ( see  p g .1 4 ) ,  which do not  permit any unusual 
d i s p o s i t i o n  of th e  l e v e l s ,  and r e p o r t  t h a t  the  agreement i s  
s a t i s f a c t o r y .  I t  i s  p a r t i c u l a r l y  p e rp lex ing  t h a t  g j j i s  found 
to  be g r e a t e r  th an  gj^ f o r  the compound (Et^N)MoC^g by th ese  
workers .  I t  would appear  t h a t  co n s is ten cy  would r e q u i r e  a high 
energy sigma bonding l e v e l  in  t h i s  case a l s o  bu t  i t  i s  d i f f i c u l t  
to  i d e n t i f y  any agency e q u iv a le n t  to  the i n t e n s e  f i e l d  of the 
oxo group which might be r e s p o n s ib le  fo r  such a m o d i f ic a t io n  of 
the expected o r d e r  in  t h i s  compound.
From th e  above d i s c u s s io n ,  an i n v e s t i g a t i o n  which has 
as  i t s  primary purpose the s c r u t i n i z a t i o n  o f  both the Gray-Hare 
model and the suggested  m o d i f ic a t io n s  of  t h i s  model seems n ecessa ry .  
To achieve  t h i s  goa l ,  a s tudy of  c e r t a i n  {3-diketone complexes 
of oxomolybdenum(V).was under taken .  This choice was d i c t a t e d  
by s e v e ra l  f a c t o r s :  (a)  Ligands of  t h i s  type have been used
f r e q u e n t l y  by t h i s  group and a r e  r e a d i l y  a v a i l a b l e ;  (b) A 
v a r i e t y  of  j3 - k e to e n o la t e  l ig an d s  a re  a t  hand, a l lowing the 
p r e p a ra t i o n  of a s e r i e s  of  complexes; (c) The charge t r a n s f e r  
s p e c t r a  fo r  t h e s e  compounds should c o n t r ib u t e  a u s e fu l  comparison 
w i th  the  charge t r a n s f e r  s p e c t r a  of the analogous vanadyl complexes,
21
c u r r e n t l y  under i n v e s t i g a t i o n ^ .
Since th e  r e a c t i o n s  and p r o p e r t i e s  of  compounds of
22 23molybdenum(V) and oxomolybdenum(V) have r e c e n t l y  been
surveyed,  a gen e ra l  d i s c u s s io n  of  t h i s  t o p i c  seems unnecessary .
One v e ry  important  p r o p e r ty  which does r e q u i r e  c o n s id e ra t i o n  i s
the  tendency of oxomolybdenum(V) to  po lymerize .
M a g n e t i c ^  and s p e c t r o p h o t o m e t r i c ^  measurements in
2 “h y d ro ch lo r ic  a icd  s o l u t i o n  agree  t h a t  [MoOC^^] i s  the p r i n c i p l e
sp e c ie s  in  concen t ra ted  a c id  ( g r e a t e r  th an  10M). I t  i s  proposed
13 •t h a t  upon d i l u t i o n  a paramagnet ic  dimer i s  formed which i s  the
p r e v e l e n t  spec ies  i n  the  c o n c e n t r a t io n  range 10 to  6  M. The
2 _
formula [Mo^O^C^g] i s  proposed fo r  t h i s  dimer. An oxygen
br id g e  r e p la c e s  an e q u a t o r i a l  ch loro  group on each of  the  monomers.
13This  i s  supported by the  o b s e rv a t io n  t h a t  the only e l e c t r o n i c
t r a n s i t i o n  a f f e c t e d  by dimer format ion i s  d o o «- d , which i sJ x z- y z xy’
3+l o c a l i z e d  in  the p lane p e rp e n d ic u la r  to  the MoO a x i s .  In  acid  
c o n c e n t r a t io n s  l e s s  than  2  M only  d iam agnet ic  sp e c ie s  a r e  formed 
and the  s t r u c t u r e  of  th ese  sp ec ie s  i s  unknown.
Although v a r io u s  s p e c t r a l  and magnetic s tu d i e s  have 
been performed on s o lu t i o n s  of  oxomolybdenum(V) in  hydrobomic acid  
th e r e  i s  not y e t  complete agreement on the sp ec ie s  p r e s e n t .  Some
21. Ogden, D . , and Se lb in ,  J . , unpublished work.
22. M i t c h e l l ,  P .C .H. ,  Coord. Chem. R ev s . , 1_, 315 (1966).
23. M i t c h e l l ,  P .C .H . ,  Quar t .  R ev s . , 20, 103 (1966).
24. Haight ,  G. P . ,  J r . ,  J .  In o rg .  Nucl.  Chem.. 24,
673 (1962).
22
25 26workers  ’ r e p o r t  t h a t  th ese  systems a re  not analogous to  the
2 -
h y d ro c h lo r ic  ac id  system in  t h a t  [MoOBr,.] i s  not  p r e se n t  in
even the most concen tra ted  a c id .  On the o th e r  hand, the r e s u l t s
20of  an EPR s tudy  are  i n t e r p r e t e d  to  s ig n i f y  t h a t  t h i s  spec ies  i s  
dominant i n  ac id  c o n c e n t ra t io n s  g r e a t e r  than  9 .4  M. As the ac id  
c o n c e n t r a t i o n  i s  decreased  the  tendency of  the  molybdenum to 
polymerize  i s  r e p o r ted  by a l l  workers bu t  the i d e n t i t y  of the 
r e s u l t i n g  sp ec ie s  i s  s t i l l  in  d i s p u te .
The a b i l i t y  of  (3-diketones to  co o rd in a te  w i th  metal ions 
has been the  s u b je c t  of  ex ten s iv e  i n v e s t i g a t i o n  fo r  many y e a r s .
In gene ra l  the l ig an d s  co n ta in  (3-carbonyl groups w i th  a t  l e a s t  
one p ro ton  on the gamma carbon so t h a t  k e to - e n o l  tautomerism i s
a p o s s i b i l i t y .
\R
H C = 0
y
H )c = 0  
R
Rn
/ C - Q
H-C< H\ \ •  /
R
They a c t  as  a b id e n t a t e  l igand w i th  a wide v a r i e t y  of  meta l  ions  
and form compounds which may be rep re se n ted  by the general- formula :
•  V,1
H-C< M 
Y - ? /r V L O J l 2 o r 3
(1964),
25. A l len ,  J . R . , and Neumann, H.M., Ino rg .  Chem.. 3. 1612
26. Wendling, E . , Bull .  Soc. chim. F ran ce . 413 (1966).
27Holm and Cotton have formulated  the  fo llowing
g e n e r a l i z a t i o n s  concerning the  s t r u c t u r e  of such complexes: 
(a) The OCCCO p o r t i o n  of the ch e la te  r in g  l i e s  in  the same
0-C, and C~C d i s t a n c e s  a re  of equal  len g th  to  w i t h i n  exper imental  
e r r o r ;  (c) The r in g  C-C and C-C d i s t a n c e s  are  in te rm e d ia te  
between s in g l e  and double bond d is tances , ,  This  d a ta  r e q u i r e s  
the  e x i s t e n c e  of  some kind of resonance in  the c h e la t e  r i n g ,  but  
the p o s s i b i l i t y  of any s u b s t a n t i a l  degree of "benzenoid" type 
resonance,  as  shown below, i s  d iscounted  by most i n v e s t i g a t o r s .
developed techn iques  as  w e l l  as  comments on th e  more t r a d i t i o n a l  
p rocedures .  The l a t t e r  review d es c r ib e s  a wide v a r i e t y  of  known 
complexes and, in  combination w i th  the  monograph by Moshier and
27. Holm, R.H.,  and Cotton,  F .A . ,  J .  Am. Chem. S o c . . 80, 
5658 (1958).
29. F e r n e l iu s ,  W.C., and Bryant ,  B .E . ,  Inorg .  S y n . , j>,
105 (1957).
30. F a c k le r ,  J . P . , J r . ,  Prog,  i n  In o rg .  Chem., T_i 361 (1966) .
p lane ,  however, the 0 M0  p lane may be a t  an angle of  ~160° to
28the  mean plane of the l igand  atoms ; (b) The p a i r s  of M-0,
The most common methods used to  p repare  complexes of
29t h i s  kind a r e  desc r ibed  by F e r n e l iu s  and Bryant , and a r e c e n t
30a r t i c l e  by F a c k le r  p rov ides  r e f e r e n c e s  to  more r e c e n t ly
28. Cotton,  F .A . ,  and Wood, J . S . ,  In o rg .  Chem., j}, 245 (1964).
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31and S ievers  , i s  an e x c e l l e n t  i n t r o d u c t i o n  to  the f i e l d „ Symbols 
used f o r  the  (3 -d ik e to n e s  in  t h i s  d i s s e r t a t i o n  a re  those  proposed 
by Fack le r*^ .
Complexes of oxomolybdenum(V) w i th  (3-diketones have been
s tu d ie d  com para t ive ly  l i t t l e .  A compound formulated as  Mo^O^CAA)^
32 33has  been prepared by Larson and Moore ; Rosenheim and Nernst
have syn thes ized  MoO(OH)(AA) 2  0 4 ^ 0 ;  and the compound MoC^CAA) i s
34rep o r te d  by Morgan and C as te11 . These appear  to be the  only
complexes known p r i o r  to  t h i s  work.
31. Moshier,  R.W., and S iev e r s ,  R .E . ,  "Gas Chromatography 
of  Metal C h e la te s " ,  Pergamon, 1965.
32. Larson,  M.L., and Moore, F.W., Ino rg .  Chem., 2 , 881
(1963).
33. Rosenheim, A. ,  and Nerns t ,  C . , Z. anorg.  Chem., 214, 
209 (1933).
34. Morgan, G.T. ,  and C a s t e l l ,  R .A.S. ,  J .  Chem. S o c . ,
3252 (1928).
EXPERIMENTAL DETAILS AND RESULTS
A. Apparatus 
Elemental Analyses
Carbon and hydrogen ana lyses  were performed by Mr. R.L. Sieb 
o f  t h i s  depar tment using a Carbon-llydrogen Analyzer manufactured 
by Coleman Ins t ruments  Corp. ,  Maywood, I l l „  A l l  o th e r  e lementa l  
ana lyses  were determined by Micro-Tech L a b o ra to r i e s ,  I n c . , Skokie, 
I l l i n o i s .  This f i rm  did not  i n d i c a t e  the methods employed.
In f r a re d  Spectra
Spec tra  were observed from 4000 to  650 cm  ^ by means of  
a model IR-7 Spectrometer  made by Beckman In s t ru m e n ts ,  I n c . ,
F u l l e r t o n ,  C a l i f o r n i a .  Th is  i s  a double monochromater p r i sm -g ra t in g  
in s t rum en t  which u t i l i z e s  a pr ism fo r  primary d i s p e r s io n  of  the 
spectrum i n t o  broad bands which are  then reso lved  by the g r a t i n g .
The s p e c i f i c a t i o n s  i n d i c a t e  a r e s o l u t i o n  of 0 .3  cm  ^ and a 
f requency accuracy  b e t t e r  than ± 2 . 0  cm  ^ i n  the r e g io n  of p r i n c i p l e  
i n t e r e s t .  The scan of a po lys ty rene  f i lm  was used to  check the 
c a l i b r a t i o n .  No c o r r e c t i o n  was necessa ry .  The samples were 
ground w i th  m inera l  o i l  ("Nujol")  and the r e s u l t i n g  mull was 
p laced  between sodium ch lo r id e  p l a t e s .
Far  i n f r a r e d  sp e c t r a  (650 to  300 cm were a l s o  
measured f o r  most of  the compounds us ing  a Beckman model IR-10 
spec t rophotom eter .  In  t h i s  reg ion  the  wavenumber accuracy i s  
s p e c i f i e d  to  be ±4 cm \  A scan of a po lys ty rene  f i lm  was 
employed fo r  c a l i b r a t i o n .  The a p p ro p r ia te  c o r r e c t i o n  has been
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ap p l ied  to  a l l  of the  r epo r ted  s p e c t r a D Samples were run as 
Nujol mulls  between cesium iod ide  p l a t e s .
E l e c t r o n i c  Spectra
S o lu t ions  prepared  w i th  a v a r i e t y  of d i f f e r e n t  so lv en ts  
were examined in  one cen t im e te r  c e l l s .  A Cary 14 spectrophotometer  
provided s p e c t r a  in  the  reg ion  from 10 kK toward h igher  energy 
u n t i l  so lv en t  a b s o rp t io n  precluded f u r t h e r  measurement. The 
v a r io u s  s o lv e n t s  were a l l  o f  reag en t  grade and used w i thou t  
f u r t h e r  p u r i f i c a t i o n .  In  each case where s p e c t r a  a re  r ep o r ted  
a base  l i n e  of  so lv e n t  vs  s o lv e n t  was determined to  al low 
e l i m i n a t i o n  of spu r ious  bands.
Low tem pera tu re  sp e c t r a  were ob ta ined  by means of  the 
same in s t ru m en t .  The samples were mulled w i th  m inera l  o i l  and 
smeared on a p iece  of  f i l t e r  paper  which was taped to  a s p e c i a l  
h o ld e r .  The h o ld e r  c o n s is ted  of  a b ra s s  p l a t e  shaped to  f i t .  i n to  
an o p t i c a l  Dewar f l a s k .  The w a l l s  of the Dewar a r e  made o f  
q u a r t z  which i s  t r a n s p a r e n t  to v i s i b l e  and u l t r a v i o l e t  l i g h t  to 
about  45 kK. The paper  was placed over a hole i n  the p l a t e  which 
coinc ided  w i th  the  l i g h t  p a th  of the  in s t ru m en t .  The samples 
were i n i t i a l l y  p laced  below the l e v e l  o f  the l i q u i d  n i t r o g e n ,  bu t ,  
when s u f f i c i e n t  t ime had e lapsed  to  ensure tempera ture  eq u i l ib r iu m ,  
the l i q u i d  was poured o f f  so t h a t  the  l e v e l  was j u s t  below the 
l i g h t  p a th .  In  t h i s  way i n t e r f e r e n c e  from n i t r o g e n  bubbl ing 
was p reven ted .  No improvement in  r e s o l u t i o n  was noted when the 
sample was below the  n i t ro g e n ,  in  o p p o s i t io n  to  the  method 
d esc r ib ed  above, and so i t  was concluded t h a t  the temperature  did 
not r i s e  s u b s t a n t i a l l y  under the co n d i t io n s  of  the measurement.
A d i f f u s e  r e f l e c t a n c e  spectrum was observed fo r  one 
compound by means of  a p o in t  by p o in t  p lo t  of  the t ra n sm iss io n  
as  recorded  on a Beckman DU, s ingle-beam spectrophotometer .  
Magnesium carbonate  was employed as  a- r e f e r e n c e  and the s p e c t r a l  
range measured was 16.7 to  10.0 kK.
Equiva len t  Conductance
The r e s i s t a n c e  of  s o lu t io n s  having co n ce n t ra t io n s  of 
- 3  -410 to  10 M were determined by means of  a model RC 16 
c o n d u c t iv i t y  b r idge  o p e ra t in g  a t  60 c . p . s .  This b r idge  i s  
manufactured by I n d u s t r i a l  In s t ru m e n ts .  The so lv en t  was reagen t  
grade a c e t o n i t r i l e  from a f r e s h l y  opened b o t t l e .  The c e l l  and 
s o lu t i o n s  were mainta ined i n  a thermosta ted o i l  ba th  ( tempera ture  
25°C) fo r  h a l f  an hour p r i o r  to  the measurement and dur ing  the 
a c t u a l  o b se rv a t io n  of  the r e s i s t a n c e .
Magnetic S u s c e p t i b i l i t y
The magnetic moments of  the molybdenum compounds were 
determined by the Gouy Method. The sample was t i g h t l y  packed 
i n t o  a g l a s s  tube and the apparen t  change in  mass due to  an 
ap p l ied  magnetic f i e l d  was measured.
The ba lance  was an Ainsworth type BCT w i th  magnetic 
damping ( s e n s i t i v i t y  0.05 mg). A model AL7500 Electromagnet  
produced by Alpha S c i e n t i f i c  L a b o ra to r i e s ,  I n c . ,  Berkeley,  
C a l i f o rn i a ,p r o v id e d  the f i e l d  app l ied  t o  the samples.  The pole 
caps of t h i s  magnet a re  fo u r  inches  i n  d iameter  and the a i r  gap 
i s  approximate ly  1% inches .  The c o i l s  were connected in  s e r i e s  to 
a v a r i a b l e  output  power supply which had been ad ju s ted  to  a 
c u r r e n t  of  8  amperes.  According to  in form at ion  supplied  with
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magnet t h i s  should provide a f i e l d  of approximate ly  6 , 0 0 0  gauss .
Since th e  magnet was a i r - c o o le d  the  cu r re n t  was ap p l ied  i n t e r m i t t a n t l y  
to  p reven t  overhea t ing  and change in  f i e l d  s t r e n g t h ,
A double-ended sample tube about 18 cm long was used.
The two ends had been separa ted  by a g l a s s  p a r t i t i o n  and the
lower s e c t io n  s e a le d .  The tube hung from the  ba lance  arm on a
nylon l i n e ,  ad ju s ted  so t h a t  the p a r t i t i o n  i n  the  c e n te r  of  the  
tube was loca ted  a t  the c e n te r  of  the magnetic f i e l d .  The amount 
of tube hanging below the c e n t e r  of  the po les  should equal  the 
amount above the  c e n te r  p a r t i a l l y  e l im in a t in g  any c o r r e c t i o n  due 
to  the tube i t s e l f .  A d r a f t  tube prevented d i s tu rb a n c e  of  the 
sample by s t r a y  a i r  c u r r e n t s ,  A thermometer i n  the ba lance  case 
allowed d e te rm in a t io n  of the tem pera ture  to  w i th in  0.5°C.
E lec t ro n  Paramagnetic Resonance
The ins t rum ent  used was a model JES-3BX, X-band 
spectrophotometer  produced by the  Japan E le c t ro n  Optics  Labora tory ,  
Co.,  L t d . ,  Tokyo, Japan and the s p e c t r a  were recorded as  the f i r s t  
d e r i v a t i v e  on an xy r e c o rd e r  manufactured by the  Riken Denshi Co.,  
L t d . ,  Tokyo, Japan, model XY-D5N. A modulat ion f requency of 
100 k c / s e c  and modulat ion wid ths  in  the  range of  5 to  20 gauss 
proved s a t i s f a c t o r y .  The e lec t rom agnet  i s  a low impedence 
h ig h ly  homogeneous f i e l d  type capable  of a maximum f i e l d  of
13,000 gauss .  I t  i s  w ate r  cooled.
B. P re p a ra t io n  of Compounds
All  of the rea g e n ts  and so lven ts  used were reagen t  grade 
chemicals  from common commercial sources ,  except  f o r  a few m a te r i a l s  
which were prepared by procedures  found in  the l i t e r a t u r e .  The 
s t a r t i n g  m a te r ia l  f o r  the m a jo r i ty  of the complexes r epo r ted  below 
was tetraethylammonium oxopentachloromolybdate(V) , which was prepared 
as  needed.  This m a te r i a l  was e s p e c i a l l y  u s e fu l  s ince  i t  i s  r e l a t i v e l y  
s t a b l e  when dry  and i s  so lub le  in  seve ra l  common s o lv e n t s .  For the 
a t t em p ts  to  p repare  the. bromo complexes the s t a r t i n g  m a te r i a l  was 
tet raethylammonium oxotetrabromomolybdate(V) monohydrate,  which 
was prepared us ing the procedures descr ibed  by Bishop^-.
To o b ta in  e i t h e r  of the substances  mentioned above 
oxotrihydroxomolybdenum(V) (or  molybdenyl hydrox ide ) ,  MoOCOH)^, 
was prepared f i r s t .  Of the s e v e ra l  procedures  examined, t h a t  
o u t l in e d  by Bishop^" appeared most s a t i s f a c t o r y ,  a l though  the 
d i f f i c u l t y  of f i l t e r i n g  the s lu g g ish  brown p r e c i p i t a t e  which r e s u l t s  
i s  not  exaggerated in  h i s  r e p o r t .  A f te r  d ry ing  and washing with  
ace to n e ,  t h i s  compound served as a s u i t a b l e  source fo r  the 
oxomolybdenum(V) e n t i t y .
The method desc r ibed  by Bishop f o r  the p r e p a ra t i o n  of
[(C 2 H^)^N] 2 [MoOCjJ2 ] presen ted  some problems and so the procedure
2
mentioned by Palmer fo r  the sy n th es i s  of (NHj^MoOC.^ was adapted
1. Bishop, A.D., M.S. T hes is ,  Louis iana S ta te  U n iv e r s i ty ,  
Baton Rouge, Lou is iana ,  1962.
2. Palmer, W.G., "Experimental Inorgan ic  Chemistry", 
Cambridge U n iv e r s i ty  P re s s ,  Cambridge, England, 1954.
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by the s u b s t i t u t i o n  of  the a p p ro p r ia te  number of moles of 
tetraethylammonium bromide fo r  ammonium carbona te ,  r e s u l t i n g  
in  a more s t r a ig h t fo rw a rd  method.
[(C 2 H5 ) 4 N][MoOCjt3 (F 6 A)]*
The l i q u i d ,  h e x a f lu o ro a ce ty la ce to n e ,  was added slowly to  
a h o s t ,  concen tra ted  s o lu t io n  of [(C 2 H^) 4 N][MoOCA^] in  a c e t o n i t r i l e .
An excess  of l igand (2 to  1 molar r a t i o )  was used.  The r e a c t i o n  
mixture  turned red almost immediately. The so lven t  was p a r t i a l l y  
removed by warming under reduced p re ssu re  and the  r e s u l t i n g  p r e c i p i t a t e  
recovered by f i l t r a t i o n .  The crude m a te r ia l  was s t i r r e d  w i th  hot  
methylene ch lo r id e  to  d i s s o lv e  the  p ro d u c t ,  a f t e r  which the unreacted 
[(C 2 H^) 4 N] 2 [MoOCA^] was removed by f i l t r a t i o n .  The methylene 
ch lo r id e  was then p a r t i a l l y  removed by evapora t ion  so t h a t  an orange,  
c r y s t a l l i n e  product  r e s u l t e d  when the l iq u id  was placed in  an ice  
b a th .  The c r y s t a l s  were d e s s i c a te d  under a vacuum f o r  24 hours and 
then  submit ted fo r  a n a l y s i s .
Ca lcu la ted  fo r  [(C 2 H5 ) 4 N][MoOC.e3 (CF3 COCMCOCF3) ] °/.C 28.10,
%H 3.81 7.CA 19.14 %F 20.52 Found 7.C 27.96 4.18 7.Cj& 19.25
7JF 20.48
[(C 2H5) 4N][Mo0Cje3(TF3A )]
A hot  s o lu t io n  of t h e n o y l t r i f l u o r o a c e to n e  d is so lved
in  a minimum volume of a c e t o n i t r i l e  was added to a hot  s o lu t i o n  of 
[(C 2 H3 ) 4 N][MoOC^3] in  a c e t o n i t r i l e ,  while  the  l a t t e r  was being  s t i r r e d .  
Two moles of  l igand were used per mole of  molybdenum(V) compound.
* A l i s t  of symbols and a b b re v ia t io n s  i s  provided in  the 
f r o n t  of t h i s  d i s s e r t a t i o n .
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The s o lv en t  was p a r t i a l l y  evaporated and the r e s u l t i n g  red p r e c i p i t a t e  
recovered by f i l t r a t i o n .  This product  was washed s e v e ra l  t imes 
w i th  hot chloroform and then d r ie d  under a vacuum.
C a lcu la ted  fo r  [(C 2 H5 ) 4 N][MoOCj&3 (C4 H3 SCOCHCOCF3) ]  °/.C 33.73
%H 4.25 7JCJL 18.67 7F 10.00 %S 5.63 Found 7.C 33.51 %H 4.51
%CJ> 18.78 7cF 10.63 %S 5.74
C(c2 h 5 ) 4 n][moocx 3 ( b f 3 a ) ]
The procedure  employed was analogous to  t h a t  desc r ib ed  fo r
the  o th e r  compounds. A hot  s o lu t io n  of  b e n z o y l t r i f l u o r o a c e to n e
in  a c e t o n i t r i l e  was added to a hot  s o lu t i o n  of [(C 2 H3 ) 4 N][MoOCj&3 ] in  
the same so lv en t  and the r e s u l t i n g  red s o lu t i o n  was evaporated  to 
fo rce  a p r e c i p i t a t e .  The red p r e c i p i t a t e  was washed w i th  cold 
p -d ioxane ,  a l though cau t ion  i s  necessa ry  s ince  the compound w i l l  
s lowly d i s s o lv e  in  t h i s  s o lv e n t .  Vacuum d e s s i c a t i o n  was used fo r  
th ree  days to a t tem pt  to  remove water  and any remaining s o lv e n t .  The 
low c h lo r in e  a n a l y s i s  may i n d i c a t e  t h a t  some of the  dioxane was not 
removed, a l though  the  o th e r  ana lyses  appear  s a t i s f a c t o r y .
C alcu la ted  fo r  [(C 2 H5 ) 4 N][MoOC£3 (C6 H5 COCHCOCF3) ] %C 38.35 
4 .64 7oC£ 18.87 %N 2.48 Found 7jC 38.36 7JI 4 .88 %Cj& 17.95
7JN 2.70
[ ( C 2H 5 ) 4N ][M oO Cj&3 ( D B M ) ]
The l igand  in  t h i s  case was dibenzoylmethane. The method 
was s im i l a r  to  t h a t  desc r ibed  above, however the  so lv en t  chosen was 
ace tone .  A deep red compound was recovered by p a r t i a l  evapora t ion  
of  the red s o lu t i o n  which r e s u l t e d  from the combination of the ligand
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and the usual  oxomolybdenum(V) compound„ The c r y s t a l l i n e  product  
was washed s e v e ra l  t imes w i th  hot t e t r a h y d ro fu ra n .
C alcu la ted  fo r  [(C 2 H5 ) 4 N][MoOCA3 (C6 H5 COCHCOC6 H5) ] 7.C 48.21
%H 5.46 %CA 18.60 °ffl 2.45 Found °/.C 48.02 7.H 5.63 7.Cjfc 18.29
%N 2.67
Several  e f f o r t s  were made w i th  each of the  (3-dilcetones, 
a c e ty la c e to n e ,  benzoylacetone and d i -p i -v a lo y lm e th a n e , to prepare  
o th e r  compounds of  t h i s  type ,  but  i t  proved impossible  to  i s o l a t e  
any pure p roduc ts .  This was t ru e  even though in  a l l  cases  the 
r e a c t i o n  s o lu t io n s  became red or  orange, s u re ly  i n d i c a t i n g  ap p rec iab le  
r e a c t i o n .
[(C 2 H5 ) 4 N][MoOBr3 (DBM)]
The l ig an d ,  dibenzoylmethane, was d is so lved  in  a small 
amount of  a c e t o n i t r i l e ,  then warmed and added to  a concentra ted  
s o lu t i o n  of [(C 2 H3 ) 4 N][MoOBr^ • H2 0] i n  the same s o lv e n t .  A f te r  
p a r t i a l  evapora t ion  a b lack  c r y s t a l l i n e  compound formed which was 
washed s e v e ra l  t imes w i th  hot  t e t r a h y d ro f u ra n .  The product ,  a r ed d ish -
b lack  m a t e r i a l ,  was d r ie d  s ev e ra l  days under a vacuum.
C alcu la ted  fo r  [(C 2 H5 )N][MbOBr3 (C6 H5 COCHCOC6 H5) ] 7.C 39.17
%H 4.43 7oBr 34.00 Found 7.C 39.08 %H 4.79 7.Br 34.15
Desp i te  e f f o r t s  to  prepare  o th e r  bromo complexes with 
v a r io u s  p -d ike tones  no f u r t h u r  compounds could be i s o l a t e d .  In  a l l  
cases  a change in  the co lo r  of the s o lu t io n  was noted and microscopic  
o bse rva t ion  revealed  v e ry  small amounts of r e d d i sh  c r y s t a l s  in  the 
p r e c i p i t a t e  which r e s u l t e d  when h ex a f lu o ro ace ty lace to n e  was used as  a
33
l igand  and the procedure followed was s im i l a r  to t h a t  which had 
proven su c ce ss fu l  in  the o th e r  ca ses ,  The amount of m a te r i a l  was 
too small to  recover  by the  methods used in  t h i s  work.
Attempts  to  prepare  a F luoro  Complex
The s p e c t r a l  measurements performed by Wentworth and
3 2"P ip e r  upon what was presumed to be the anion [MoOF,.] p re se n t  in
d i l u e n t  c r y s t a l s  i s  the only r e p o r t  of  a f lu o r o  complex of oxomolyb-
denum(V) which could be loca ted  in  the  l i t e r a t u r e , Apparent ly
n e i t h e r  t h i s  compound n.or any of i t s  p o s s ib l e  d e r i v a t i v e s  have been
i s o l a t e d .  Since the oxo-spec ies  of  molybdenum(V) u s u a l ly  behaves
as  a c l a s s  a_ accep to r^  (accord ing  to  the c r i t e r i a  of Ahrland ejt a l . ~S
the  p o s s i b i l i t y  e x i s t s  t h a t  halogen exchange might be s u c c e s s fu l  i f
the  f lu o ro  complex i s  s u f f i c i e n t l y  s t a b l e .  This e x p e c ta t io n  led
to  the experiment desc r ibed  below:
Approximately 0 .25 g of [(C 2 H^)^N][Mo0 Cj£2 (DBM) ] was placed 
in  a round bottom f l a s k  w i th  80 mi of a lcoho l  and about 0 .3  g of  
sodium f l u o r i d e .  The mixture  was r e f lu x ed  fo r  s e v e ra l  days. During 
t h i s  per iod the  red oxomolybdenum(V) compound d is so lv ed  to  an 
i n c r e a s in g  e x te n t  and the  co lo r  of  the  s o lu t i o n  faded from red d ish -  
pink to  yel low. When no t r a c e  of th e  red co lo r  could be d isce rned  
the  r e a c t i o n  mixture was f i l t e r e d  to  remove unreac ted  sodium f lu o r i d e  
and then  evaporated to  d ryness .  A heterogeneous yel low and white
3. Wentworth, R.A.D.,  and P ip e r ,  T .S . ,  J .  Chem. P h y s . , 41, 
3884 (1964).
4. M i tc h e l l ,  P .C .H. ,  Quart .  R ev s . . 20, 103 (1966).
5. Ahrland, S . ,  Chat t ,  J . , and Davies,  N„, Quart .  R e v s . . 
12, 265 (1958).
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res id u e  remained. The product  was d is so lved  in  methylene ch lo r id e  
and unreacted sodium f lu o r i d e  removed by f i l t e r i n g  s e v e ra l  t im es .
When the methylene ch lo r id e  s o lu t i o n  was p a r t i a l l y  evaporated  and 
p laced in  an i c e  ba th ,  a yellow p r e c i p i t a t e  was recovered .  Unlike 
any of the  compounds prepared p r e v io u s ly ,  t h i s  substance was only 
s p a r in g ly  so lub le  in  s o lv e n ts  such as  a c e t o n i t r i l e ,  t e t r a h y d ro f u ra n ,  
acetone and methylene c h lo r id e .  Since i t  i s  u n l i k e l y  t h a t  the exchange 
r e a c t i o n  was complete i t  would be expected t h a t  some c h lo r in e  would 
remain, causing the carbon and hydrogen ana lyses  to  be s l i g h t l y  
l e s s  than the t h e o r e t i c a l  v a lu e s .  Based on t h i s  r eason ing  the 
r e p o r te d  v a lu es  are  in  s a t i s f a c t o r y  agreement w i th  the fo rm ula t ion  
of the compound as a monomer. However, o th e r  evidence ,  to  be 
d iscussed  l a t e r ,  i s  not  comple tely  c o n s i s t e n t  w i th  t h i s  hypothesis^  
Calcu la ted  f o r  [(C^y^NlCMoOFjjDBM) ] 7.C 52.88 7H 5.98
Found 7.C 51.29 %H 6.18
Some e x p la n a t io n  i s  n ecessa ry  fo r  the  choice of s o lv en ts  
in  the p r e p a ra t io n s  descr ibed  above. I t  i s  w e l l  known t h a t  use of 
a b a s ic  so lven t  or a d d i t i o n  of a base g r e a t l y  enhances the p o s s i b i l i t y  
f o r  the formation of f3-diketone c h e l a t e s .  Since a c e t o n i t r i l e  i s  a 
s l i g h t l y  a c i d i c  so lven t  i t  i s  to  be expected th a t  a t tem pts  to  conduct 
r e a c t i o n s  of t h a t  type in  t h i s  medium w i l l  encounter  d i f f i c u l t i e s .
The r e p o r t i n g  of  the compounds above in  no way i n d i c a t e s  t h a t  these  
expected t ro u b le s  f a i l e d  to  m a t e r i a l i z e .  Indeed,  i t  i s  f e l t  t h a t  the 
f a i l u r e  to  produce many of the compounds whose p r e p a ra t io n  was 
a t tempted may be t ra ced  d i r e c t l y  to  the problem of the so lven t  system.
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To circumvent t h i s  problem s e v e ra l  a l t e r n a t e  methods were 
i n v e s t i g a t e d . Complexes formed us ing  water  or e th an o l  as  a so lven t  
w i th  the a d d i t i o n  of  a base such as  sodium a c e t a t e  y ie ld e d  small 
amounts of red m a te r ia l  which decomposed un le ss  d r ie d  ve ry  qu ick ly .
No s a t i s f a c t o r y  fo rm ula t ion  of th e se  m a t e r i a l s  was p o s s i b l e  which 
would agree w i th  the r ep o r ted  a n a ly s e s .  I t  was im poss ib le  to 
determine i f  t h i s  was due to  decomposit ion,  incomplete  p u r i f i c a t i o n ,  
p o lym er iza t ion ,  or  a combination of  s ev e ra l  of th e se  f a c t o r s .
Sodium s a l t s  were prepared fo r  some of  the g -d ik e to n e s ,  
bu t  r e a c t i o n  of these  subs tances  w i th  oxomolybdenum(V) produced a 
brown product  which analyzed much lower in  carbon and hydrogen than 
the monomer. Attempts to  p u r i f y  these  subs tances  f a i l e d  t o  improve 
the s i t u a t i o n  and i t  i s  assumed t h a t  they a re  polymeric  s p e c ie s .
From some e x p lo ra to ry  experiments  i t  would appear  t h a t  t e t r a h y d ro f u ra n  
o f f e r s  the most promise fo r  use as a so lven t  but  the amount of 
product  obtained i s  very  small .
As may be concluded from the preced ing  commentary the choice 
of  a c e t o n i t r i l e  as a so lv en t  was d i c t a t e d  more by the f a i l u r e  to  
f in d  a more e f f e c t i v e  medium than by any i n t r i n s i c  advantage of  the 
substance i t s e l f .
C. Experimental  D e t a i l s ,  Resu l t s  and P re l im in a ry  D iscuss ion  
I n f r a r e d  Spectra
The recorded s p e c t r a  a re  l i s t e d  below fo r  each o f  the 
compounds in  the reg ion  1700 to 650 cm I n t e n s i t i e s  a r e  in d ic a te d
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by the  a b b re v ia t io n s  s - s t ro n g ,  m -  medium, w - weak, sh - shou lder ,  
b r  - broad , and v - very»
[(C 2 H5 ) 4 N][MoOC^3 (F 6 A)]
1652 (m), 1623 (w), 1558 (w), 1537 (mw), 1487 (m), 1423 (w),
1394 (w), 1255 ( s ) ,  1212 ( s ) ,  1154 (v s ) ,  1107 (w), 1066 (w), 1054 (w),
1000 (mw), 976 (m), 945 (w), 907 (w), 814 (m), 782 (w), 742 (w),
662 (m)
[(C 2 H5 ) 4 N][MoOCj6 3 (TF3 A)]
1597 (b r .  s . ) „  1589 ( s h ) ,  1547 ( s ) , 1538 ( s h ) , 1517 (m),
1482 ( s ) ,  1454 ( s ) ,  1406 ( s ) ,  1393 ( s h ) ,  1355 (m), 1345 ( s ) ,  1323 ( sh ) ,
1305 (b r ,  s ) ,  1258 ( s ) ,  1232 ( s ) ,  1205 (b r ,  s ) , 1171 (m), 1150 (b r ,  s ) , 
1074 (w), 1012 (m), 999 (m),-965 ( s ) ,  935 (m), 899 (vw), 856 (m),
809 (m), 779 (mw), 774 (ms), 741 (m), 684 (mw), 646 (m) 
[(C 2 H5 )N][MoOCjfc(BF3 A)]
1611 ( s ) ,  1595 (m), 1575 ( s ) ,  1540 (m), 1482 (m), 1451 ( s h ) , 
1392 (w), 1322 ( s ) ,  1313 ( sh ) ,  1290 ( v s ) ,  1252 (m), 1203 ( s ) ,  1184 (w), 
1169 (w), 1143 ( s ,  b r ) ,  1080 (m), 1023 (w), 1000 (raw), 966 ( s ) ,
944 (m), 900 (w), 820 (w), 782 (m), 742 (w), 708 (raw), 704 (sh) 
[ ( c 2 h 5 ) 4 n][moocjJ 3 (dbm) ]
1594 (m), 1589 (m), 1549 ( s ) ,  1519 (b r ,  s ) ,  1478 ( s ) ,
1453 ( s ) ,  1360 ( v s ) ,  1317 ( s ) ,  1303 ( s ) , 1231 (m), 1181 (mw), 1157 (raw), 
1125 (w), 1075 ( s h ) ,  1068 (raw), 1022 (mw), 999 (mw), 956 ( s ) ,  939 (mw), 
927 (w), 889 (w), 815 ( s ) ,  789 (mw), 767 (m), 702 (w), 687 (m)
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[(C 2 H5 ) 4 N][MoOBr3 (DBM)]
1593 (m), 1586 (m), 1546 ( s ) ,  1517 ( s ) ,  1475 ( s ) ,  1452 ( s ) ,
1396 (vw), 1355 ( s ) ,  1315 (m), 1296 (m), 1255 (vw), 1229 (mw), 1180 (mw),
1156 (w), 1124 (vw), 1068 (w), 1021 (w), 997 (w), 955 ( s ) ,  938 (w),
815 (vw), 787 (w), 758 (m), 700 (vw), 662 (m). 
suspected  [ (C 2 H,.)4 N][MoOF3 (DBM) ]
1598 (m), 1591 (m), 1554 ( s ) , 1535 ( s ) ,  1481 ( s ) ,  1310 (m, b r ) , 
1237 (mw), 1171 (w), 1127 (w), 1069 (mw), 1022 (w), 1000 (w), 966 (w),
938 ( s ) ,  902 ( s ) ,  790 (w), 770 (m), 690 (w).
A complete assignment  of  a l l  o f  the bands recorded above would r e q u i r e
e x ten s iv e  c a l c u l a t i o n s  and c o n t r ib u t e  l i t t l e  toward the goal o f  t h i s  
endeavor. For t h i s  reason  no genera l  i n t e r p r e t a t i o n  w i l l  be a t tem pted .  
However, i t  i s  customary to  a s s ig n  the s t r e t c h i n g  f requency of the 
m e ta l -m u l t ip ly  bonded oxygen. I t  has been pointed out^ t h a t  t h i s  
a b so rp t io n  i s  cus tom ar i ly  found in  the reg ion  900 to  1100 cm  ^ fo r  
oxometal c a t i o n s ,  and t h a t  the i n t e n s i t y  i s  u s u a l ly  much g r e a t e r  than 
any of the  surrounding bands. In  every case a s t ro n g  a b s o rp t io n  i s  
found which f i t s  t h i s  d e s c r i p t i o n  and these  a re  presumed to  be the 
MosO s t r e t c h e s .  A l i s t i n g  of th ese  ab so rp t io n s  i s  found in  Table IV.
Before proceeding i t  should be noted t h a t  the terms 
"meta 1 -oxygen s t r e t c h "  or "meta l-ha logen s t r e t c h "  which a re  used 
throughout t h i s  s e c t io n  a re  only meant t o  d e s ig n a te  v i b r a t i o n s  of 
the  e n t i r e  molecules  in  which the ampli tude of the v i b r a t i o n  along 
a p a r t i c u l a r  bond a x is  i s  s u f f i c i e n t l y  g r e a t e r  than  the motion of  the
6 . Barraclough,  C.G.,  L e w is , J . ,  and Nyholm, R .S . ,  J .  Chem. 
S o c . , 3552 (1959).
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balance of the molecule  so t h a t  the t o t a l  v i b r a t i o n a l  motion may 
be des igna ted  in  terms of the predominant o s c i l l a t i o n .
The spectrum obta ined  f o r  the compound t e n a t i v e l y  des igna ted  
as  [(C 2 H^)^N][MoOF2 (DBM) ] has two in te n se  bands in  t h i s  r eg io n ,  a t  
938 and 902 cm Selbin^ has in d ic a te d  t h a t  broad a b s o rp t io n  bands 
in  the reg io n  920 to  800 cm  ^ a r e  c h a r a c t e r i s t i c  of polymeric metal-  
oxygen ch a in s .  This  i s  in  keeping w i th  o th e r  d a ta  to be p resen ted  
l a t e r  and w i th  the low s o l u b i l i t y  of t h i s  compound in  s o lv e n t s  which 
have proven ve ry  e f f e c t i v e  w i th  compounds of t h i s  type .  Another
g
p o s s i b i l i t y  e x i s t s  which i s  a l s o  c o n s i s t e n t  w i th  t h i s  d a t a .  Cotton 
has s tu d ied  the c h a r a c t e r i s t i c s  of molybdenum-oxygen bonds and observed 
t h a t  fo r  a sp e c ie s  such as  jMoO^] or  [MoC^] th e r e  should e x i s t  two 
metal -oxygen s t r e t c h i n g  f r e q u e n c ie s ,  one due to  the ant isymmetr ic  
and the  o th e r  the symmetric s t r e t c h .  I t  i s  not  p o s s ib le  to  d i s t i n g u i s h  
among these  p o s s i b i l i t i e s  from the i n f r a r e d  da ta  a lone .
The s p e c t r a l  bands in  the reg io n  650 to  300 cm  ^ a re  shown 
below. The a b s o lu te  accuracy  of  the f req u e n c ie s  i s  es t im a ted  as 
± 6  cm  ^ and the  accuracy  r e l a t i v e  to  the o th e r  s p e c t ra  recorded 
i s  ± 2 cm The i n t e n s i t i e s  a re  in d ic a te d  by means of the same 
symbols l i s t e d  in  the  prev ious  s e c t io n .
7. S e lb in ,  J . , J .  Chem. E d . , 41, 8 6  (1964).
8 . Cotton,  F .A . ,  and Wing, R. M., Ino rg .  Chem., 4, 867
(1965).
[(C 2 H5 ) 4 N][MoOC43 (F 6 A)]
310 ( w ,s h ) , 345 ( v s ) ,  499 (vw), 520 (vw), 573 (w), 585 (w) 
[ (C 2 H5 ) 4 N][MoOCj6 3 (TF3 A)]
302 (mw), 340 ( v s ) ,  457 (vw), 512 (mw), 535 (vw), 556 (vw), 
575 (sh ,vw),  591 (m)
[ ( c 2 h 5 ) 4 n][mooc^ 3 ( b f 3 a ) ]
302 (w ,sh ) ,  335 (v s ) ,  365 (vw,sh) ,  515 (w), 547 (vw),
570 (vw), 585 (mw)#-
[ ( c 2 h 5 ) 4 n][mdocx 3 (dbm)]'
304 (vw,sh) ,  318 (v s ) ,  333 (m,sh) ,  367 (vw), 520 (mw),
547 (mw), 605 (mw)
[(C 2 H5 ) 4 N][MoOBr3 (DBM)]
369 (vw), 525 (w), 550 (mw), 605 (mw)
Although a complete assignment of a l l  of th e  r ep o r ted  bands
would r e q u i r e  a normal coo rd ina te  c a l c u l a t i o n  fo r  these  molecules ,
a l e s s  r ig o ro u s  s e t  of assignments  f o r  a few important  v i b r a t i o n s
i s  more than  adequate fo r  the purposes of  t h i s  work. As has a l r e a d y
been in d ic a te d  the high i n t e n s i t y  serves  to i d e n t i f y  the s t r e t c h i n g
v i b r a t i o n  a s s o c i a t e d  w i th  the molybdenum to  oxygen te rm ina l  bond,
and s im i l a r  i n d i c a t i o n s  may be used to i d e n t i f y  the metal-.halogen
f req u e n c ie s  and the m e ta l - c h e la t e  oxygen s t r e t c h .
9S a b a t in i  and B e r t i n i  have s tud ied  the f a r  i n f r a r e d  sp e c t r a
2 " 2 " of compounds of [MoOCX^] and [MoOBr^] w i th  v a r io u s  ca t io n s  and
in d i c a t e  t h a t  the m e ta l - c h lo r in e  s t r e t c h i n g  v i b r a t i o n s  a re  observed
9. S a b a t i n i ,A . ,  and B e r t i n i , ! . ,  Inorg .  Chem., 5, 204 (1966)
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as  a very  i n t e n s e  band a t  a frequency of 327 cm At l i q u id  n i t ro g e n  
tem pera tu res  a shou lder  i s  d e te c te d  which i s  a l s o  ass igned  as  a 
molybdenum-chlorine s t r e t c h i n g  f requency .  For the  compound 
K[Pt ( A A ^ ^ l *  Nakamoto and B ehnke^  have used a normal coo rd ina te  
t re a tm e n t  as  a b a s i s  f o r  assignments  and r e p o r t  two s t rong  a b s o rp t io n s  
a t  339 and 327 cm  ^ which correspond to  p la t in u m -c h lo r in e  s t r e t c h i n g  
f r e q u e n c ie s .
Comparison of th ese  r e p o r t s  w i th  the  s p e c t r a  r epo r ted  
h e r e in  show d e f i n i t e  p a r a l l e l s .  In  each qf the ch loro  compounds a 
v e ry  i n t e n s e  a b s o rp t io n  i s  observed in  the  reg io n  318 to  345 cm  ^
and t h i s  i s  almost  s u r e ly  the  m e ta l - c h lo r in e  s t r e t c h .  For the  bromo 
compound no a b s o rp t io n  i s  d iscovered  in  t h i s  r eg io n ,  which i s  to
9
be expected s ince  S a b a t in i  and B e r t i n i  p lace  the  metal-bromirle 
s t r e t c h i n g  f r e q u en c ie s  in  the neighborhood of 250 cm \  beyond the 
range of  the in s t ru m e n ta t io n  used.  For  one of  the  ch loro  compounds 
i t  appears  t h a t  the  chloro-molybdenum s t r e t c h  i s  s p l i t  i n t o  two 
components.
D ete rm ina t ion  of  the metal-oxygen ( c h e l a t e )  s t r e t c h  i s  more 
d i f f i c u l t .  Nakamoto^ has l i s t e d  the  f re q u en c ie s  f o r  t h i s  v i b r a t i o n  
i n  a number of t r a n s i t i o n  metal a c e ty l a c e t o n a t e s  and r e p o r t s  va lues  
from 422 to 500 cm All  of these  meta ls  a re  in  the I I  or  I I I
10. Behnke, G.T. ,  and Nakamoto, K . , Ino rg .  Chem., j6 , 433
(1967) .
11. Nakamoto, K . , " In f r a r e d  Spectra  of In o rg an ic  and 
Coord ina t ion  Compounds", John Wiley and Sons, I n c . ,  New York, 1963, 
pp 216-225.
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o x id a t io n  s t a t e .  The i n t e n s i t y  of these  bands v a r i e s  but  in  a l l  
cases  they a r e  among the s t r o n g e s t  ab so rp t io n s  i n  t h i s  r eg io n  of 
the  spectrum. The most l i k e l y  source of  confusion appears  to  be 
a r ing  deformation frequency which appears  a t  a s l i g h t l y  h igher  
frequency and i s  a l s o  f a i r l y  s t ro n g .
As a means of d i s c r im in a t in g  between these  v i b r a t i o n s  
i t  must be noted t h a t  Nakamoto^ r e p o r t s  a s h i f t  i n  the metal-oxygen 
frequency upon the s u b s t i t u t i o n  of e l e c t r o n  r e l e a s i n g  or withdrawing 
groups f o r  the methyl groups on the simple a c e t y l a c e t o n a t e s .  A 
CF^ group has  the e f f e c t  of  d ec reas in g  the Mo-0 bond s t r e n g t h ,  
(d ec rea s in g  the frequency) whereas a phenyl group should s t r e n g th en  
the  bond ( in c re a s e  the f requency) .  The r in g  deformation v i b r a t i o n  
should be l e s s  s e n s i t i v e  to  t h i s  type of  e f f e c t .
In  each of  the compounds a peak of h ig h e r  i n t e n s i t y  than
those surrounding i t  i s  found between 585 and 605 cm This s e t
o f  bands i s  ass igned as  the r i n g  deformation fo r  the fo l lowing  
reasons :  1. The f requenc ies  a re  much h igher  than those repo r ted
by Nakamoto fo r  the  M-0 s t r e t c h .  2. Although the  s h i f t  i n  f requency 
i s  in  the d i r e c t i o n  p r e d i c t e d , the  magnitude of the  s h i f t  i s  l e s s  
than h a l f  as  g r e a t  as t h a t  r epo r ted  in  o th e r  compounds^. 3. The 
s t r o n g e s t  evidence in  favor  of t h i s  assignment would be the ex is ten c e  
of  o the r  bands which might be assigned to  the  metal-oxygen s t r e t c h  
and would avoid the  f i r s t  two o b je c t io n s .  Such a se t  of  a bso rp t ion  
bands does e x i s t .
I f  fo r  the moment we accep t  the assignments of metal-ha logen
and r in g  deformation  f requenc ie s  o u t l in ed  above, an examinat ion of
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the f a r  i n f r a r e d  sp ec t ra  of [(C 2 H^)^N][MoOCX2 (TF2 A)] and 
[(C 2 H^)^N][MoOCj&2 (BF2 A) ] d i s c l o s e s  only bands a t  512 and 515 cm * 
r e s p e c t i v e l y ,  which s tand out  above the surrounding  bands and are 
not  ye t  a s s ig n ed .  I t  i s  not  unreasonable  t o  assume th a t  the e l e c t r o n  
r e l e a s i n g  power of the thenoyl  group w i l l  be s im i l a r  to  t h a t  of  the 
phenyl group ( e s p e c i a l l y  i f  one keeps in  mind t h a t  our method of 
o b s e rv a t io n  i s  not very  s e n s i t i v e )  so t h a t  the  s i m i l a r i t y  in  v a lu e s  
would be in  keeping with  a Mo-0 s t r e t c h .  I f  t h i s  i s  t r u e  one would 
expect  to  f ind  a band of r easonab le  i n t e n s i t y  a t  h igher  frequency 
in  the  dibenzoylmethane complexes and a t  lower f req u en c ie s  i n  the 
h e x a f lu o ro ac e ty lac e to n e  complexes.
Both of the dibenzoylmethane complexes have a p a i r  of  bands, 
e i t h e r  of  which might be the metal-oxygen ab s o rp t io n .  However, the 
f i r s t  o f  these  i s  only s l i g h t l y  h igher  in  f requency than the bands 
ass igned  a t  512 and 515 cm \  so i t  seems probable t h a t  the h ig h e r  energy 
band i s  the  molybdenum-oxygen ( c h e l a t e )  s t r e t c h  in  both of these  
compounds. This  p ro p o s i t io n  i s  supported by the f a c t  t h a t  the h igher  
energy band i s  g r e a t e r  in  i n t e n s i t y  than the lower energy band. Also, 
Nakamoto^ r e p o r t s  a s im i l a r  double t  fo r  the  complex of  dibenzoylmethane 
w i th  c o p p e r ( I I ) ,  in  which he a s s ig n s  the h ig h e r  f requency band as 
t h e  metal-oxygen s t r e t c h .
The h ex a f lu o ro ac e ty lac e to n e  complex a l so  has a p a i r  of bands 
which might be the  v i b r a t i o n  in  q u es t io n .  Although both  of them are 
equal  in  i n t e n s i t y ,  the h ig h e r  frequency a b so rp t io n  i s  a t  520, which 
i s  h ig h e r ,  not  lower, than  the f req u en c ie s  ass igned  p r e v io u s ly  fo r
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the  complexes w i th  b e n z o y l t r i f l u o r o a c e t y l a c e t o n e  and t h e n o y l t r i f l u o r o -  
a c e t y l a c e t o n e 0  As has been po in ted  out  above i t  i s  expected t h a t  the 
band should be a t  lower energy,  so the a b so rp t io n  a t  499 cm  ^ i s  
a lmost  s u r e ly  the  molybdenum-oxygen(chelate) s t r e t c h  f o r  t h i s  compound.
As a check on the  accuracy  of the proposed ass ignments ,  note 
t h a t  the  frequency s h i f t  of  the metal-oxygen band i s  48 cm  ^ when the 
f requency in  the h e x a f lu o ro ac e ty lac e to n e  complex i s  compared w i th  
t h a t  of  the dibenzoylmethane complex. Nakamoto^ l i s t s  the s h i f t s  
of t h i s  type as  being 47 cm  ^ f o r  the co p p e r ( I I )  complexes and 
61 cm  ^ fo r  n i c k e l ( I I ) .  A summation of a l l  the  assignments  a ttempted 
i s  shown in  Table IV.
Table IV
S t r e t c h in g  Frequenc ies  Assigned f o r . t h e  New Oxomolybdenum(V) Compounds
Compound Mo-0 M-C4 Mo-O(chelate)
[ ( c 2 h 5 ) 4 n][mooc^ 3 ( f 6 a ) ] 976 345 499
[(C 2 H5 ) 4 N][MoOCj&3 (TF3 A)] 965 340 512
[(C 2 H5 ) 4 N][MoOCX3 (BF3 A)] 966 335 515
[(C 2 H5 ) 4 N][MoOCje3 (DBM) ] 956 318 & 333 547
[(C 2 H5 ) 4 N][MoOBr3 (DBM)] 955 ----- 550
[ ( c 2 h 5 ) 4 n][moof 3 (dbm)] 938 ----- -----
E l e c t r o n i c  Spectra
For  a l l  o f  the compounds except  [(C 2 H3 ) 4 N][MoOF3 (DBM)] the 
s p e c t r a  were obta ined  f o r  s o lu t i o n s  in  bo th  a c e t o n i t r i l e  and methylene
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c h lo r id e  as  w e l l  as in  minera l  o i l  mulls  a t  l i q u id  n i t ro g en  
tem p era tu re s .  One cen t im e te r  c e l l s  were used fo r  a l l  of  the  s o lu t i o n  
s p e c t r a .  The f requenc ies  of  the a b so rp t io n  bands a re  shown in  
t a b u l a r  form (see  Table V). In  a d d i t i o n  t h i s  t a b le  l i s t s  the 
e x t i n c t i o n  c o e f f i c i e n t s  f o r  the bands as  observed in  a c e t o n i t r i l e .
I n  many cases  e x t i n c t i o n  c o e f f i c i e n t s  were a l s o  determined in  
methylene ch lo r id e  and they were g e n e r a l l y  smal le r  in  t h i s  s o lv e n t .  
F i n a l l y ,  the sp e c t r a  of  the a c e t o n i t r i l e  s o lu t io n s  are  shown 
i n  F igu res  3 th ru  7. The s p e c t ra  of the methylene c h lo r id e  s o lu t io n s  
were very  s im i l a r  in  appearance.
U n fo r tuna te ly  the amount of  [ (C 2 H^)^N3 [MoOF2 (UBM) ] a v a i l a b l e  
was not s u f f i c i e n t  to  o b ta in  sp e c t r a  of the weaker bands.  Strong 
peaks were observed a t  29.2 and 40.0kK f o r  t h i s  compound, j u s t  as  in  
the  o th e r  metal  complexes in  which dibenzoylmethane i s  p r e se n t  as 
a l ig an d .  The f a i l u r e  to  ob ta in  s p e c t r a  of the weaker bands i s  
v e ry  u n fo r tu n a te ,  s ince  t h i s  might have provided an important  
i n d i c a t i o n  of the a c t u r a l  na ture  of  t h i s  m a te r i a l .
The (3-diketones were observed s p e c t r a l l y  as  s o lu t i o n s  us ing  
a c e t o n i t r i l e  as a s o lv e n t .  The f req u en c ie s  of  the a b so rp t io n s  a r e  
r e p o r t e d  in  Table VI.
For fu tu re  re fe re n c e  i t  must be pointed out t h a t  fo r  each 
o f  the complexes fo r  which e l e c t r o n i c  sp e c t r a  are  r ep o r ted  th e re  
e x i s t s  a s e t  of  th re e  to four  bands in  the reg ion  1 0  to  2 1 kK which 
a r e  observed to  have r e l a t i v e l y  low e x t i n c t i o n  c o e f f i c i e n t s  (30 to 
550).  ‘ The group of bands w i l l  be des igna ted  as "weak bands" f o r  the
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purposes  of r e f e r a l  in  the d i s c u s s io n  l a t e r  on in  the  d i s s e r t a t i o n , ,
The p a i r  of  bands in  the  neighborhood of  23kK having e x t i n c t i o n  
c o e f f i c i e n t s  of 400 to  20,000 w i l l  be des igna ted  as  "moderate bands" 
and the remaining peaks ,  having ve ry  high i n t e n s i t y ,  i n  the  reg ion  
beyond 28kK w i l l  be c a l l e d  " s t ro n g  bands" .
Table V
E l e c t r o n i c  Spec t ra  o f  the  New Oxbmolybdenum(V) Compounds
ClLjCN s o lu t io n *  Cl^C.^ s o lu t i o n  m u l l  a t  77°K
[ (C 2H5) 4N][Mo0Cj&3 (F 6A )]
-  --------- 1 2 . 1
12 .9 (sh )** ------------ 12.9
14.2 (30) 14.1 14.5
18.9 (80) 18.9 18.7
20.3 (80) 20.3 20.3
23.7 (sh) 23.8
2 1 . 6
23.6
25.4  (2,600) 25.4 25.1
28.5  (sh)
32.2  (11,000)
31.9
35.1
39.7 (sh) 38.6
40.5  (sh)
42.7 (12,000)
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Table V (cont inued)
CH^ CN s o lu t i o n  
[(C 2 H5 ) 4 N][MoOCj&3 (TF3 A]
13»7
18o9 (300)
20.1 (400)
23.8 (20,000)
24.9 (sh)
28.2 (sh)
29.1 (39,000)
31.7 (36000)
[ ( c 2 h 5 ) 4 n][mooc 4 3 ( b f 3 a ) ]
13.8
19.2  (180)
20.5  (200)
24.1 (4000)
25.1 (4000)
26.1 (4000)
29.9 (sh)
29.9 (sh)
33.6 (40,000)
38.2 (sh)
ClhjCj^ s o lu t io n
13.7
18.8 
20 .2
23.5
24.8
27.9
29.0
31.3
12.7
13.9
19.1
20.5
23.9
24.9
26.0
26.0
30.0
33.1
37.6
mull  a t  77°K
11.6
13.2
18.1
18.5 
20.0
21.5
23.4
24.7
11.8
14.1
19.0
20.4
21.9
23.5
24.9
26.1
26.1
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Table V (cont inued)
CH^ CN s o lu t i o n
C(c 2 h 5 ) 4 n][moocj&3 (dbm)]
CHgCA s o lu t i o n m u l l  a t  77 K
13.6 (30)
18.4 (50)
19.7 (50)
22.2 (420)
23.7 (420)
29.2 ( 1 1 , 0 0 0 )
32.8  (15,000)
35.5 (sh
39.4  (sh)
12.8
13.7
18.4 
19.6
22.2
23.5
29.4
31.2
11.7
14.2 
18.0
19.2 
20.0  
21.6
23.2 
25.4
[(C 2 H5 ) 4 N][Mo0Br3 (DBM)]
1 2 . 8  (sh).
14.1 (41)
18.2 (550)
2 1 . 8  (6000)
2 2 . 7  (6000)
27.3 (sh)
29.4 (50,000)
35.6 (sh)
40.0 (40,000)
14.1
18.2
21.5
23.7
27.0 
29.4
40.0
11.8
14.0 
17.7
19.5
21.1
22.5
* E x t in c t io n  c o e f f i c i e n t s  are  given in  p a ren th eses  a f t e r  
the  f req u e n c ie s  in  a c e t o n i t r i l e  s o lu t io n ,  sh i n d i c a t e s  shou lder .
** A l l  f req u en c ie s  a re  in  kK u n i t s ,  lkK = 1000 cm
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Table VI
E l e c t r o n i c  Spec tra  of the Ligands Used in t h i s Inve s t  i g a t  ion**
Dibenzoylmethane 27. 2* ( s h ) , 29.5 , 34.1 ( s h ) ,  40,3
Benzoy l t r i f luo roace tone- 28.3 ( s h ) , 30.6 , 39.1 (sh)
Hexaf lu o ro a ce ty lace to n e 32.1 ( s h ) , 32 .7 , 38.2 , 39.0
T h e n y l t r i f l u o r o a c e to n e 28.2 ( s h ) , 31 .1 , 334 ( s h ) ,  39.1
* A l l  frequenc:ies  a re  in  kK u n i t s , 1 kK = 1 0 0 0 cm
** In  a c e t o n i t r i l e  s o lu t io n .
A d i f f u s e  r e f l e c t a n c e  spectrum was obta ined  f o r  the compound 
[ (C 2 H^)^N][MoOC.£g(I)BM) ] t o  determine i f  the  weak shoulder  noted 
on the band a t  13.7kK f o r  t h i s  compound might become more prominant 
when observed by t h i s  method. Although a s l i g h t  i n d i c a t i o n  of the  
shou lde r  was no ted ,  th e r e  was not much improvement in  the band 
compared w i th  the s o lu t i o n  o b se rv a t io n s  and the  r e s o l u t i o n  was not 
comparable w i th  the  mulls repo r ted  in  Table V. A v a lue  of 13.2 kK 
was determined f o r  the  maximum of the  broad band by means of d i f f u s e  
r e f l e c t a n c e  o b s e rv a t io n s .
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Figure  3
E le c t r o n ic  spectrum of [(C^H^)^N][MoOCj^FgA)] i n  a c e t o n i t r i l e  s o lu t io n .
- 3
Concentra t ions  a re  4 .5  x 10 M i n  the reg ion  10 to  22kK and 
1.15 x 10 i n  the  r e g io n  22 to  45kK.
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F igure  4
E l e c t r o n i c  spectrum of [ ( 0 2 ^ )  ^NXMoOCj&^CTF^A) ] in  a c e t o n i t r i l e
-4s o lu t i o n .  Concen tra t ions  are  2.34 x 10 M in  the reg ion  10 to  21kK 
and 1.9 x 10 in  the reg ion  21 to  45kK.
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Figure  5
E l e c t r o n i c  spectrum of [(C 2 Hj.)^N][MoOCj&2 (BF2 A) ] in  a c e t o n i t r i l e
-3s o l u t i o n .  C oncen tra t ions  a re  2.80 x  10 M in  the re g io n  10 to  22kK 
and 1.2 x 10 in  the  r e g io n  22 to  45kK.
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F igu re  6
E l e c t r o n i c  spectrum of [(C 2 H,:) ^N] [MoOCjJ^CDBM) ] in  a c e t o n i t r i l e
_3
s o l u t i o n .  C oncen tra t ions  are  3.23 x 10 M in  the reg ion  10 to  26kK 
and 4 .1  x 10 in  the  reg io n  26 to  45kK.
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F igu re  7
E l e c t r o n i c  spectrum of  [(C 2 H^)^N][MoOBr2 (DBM)] i n  a c e t o n i t r i l e
-3
s o l u t i o n .  Concen tra t ions  a re  1.40 x 10 M i n  the  reg ion  10 to  20kK,
-4  - 61.40 x 10 M in  the reg io n  20 to  25kK, and 9.1 x 10 M i n  the reg ion
25 to  45kK.
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EQUIVALENT CONDUCTANCE
The th eo ry  of  simple conductometr ic  measurements i s  t r e a t e d  
in  many s tandard  a n a l y t i c a l  and p h y s ica l  chemistry  t e x t s  and so only 
a b r i e f  o u t l i n e  i s  included here,,
The r e s i s t a n c e ,  R, of  a s o lu t i o n  between two e l e c t r o d e s  
of su r face  a r e a ,  A, and separa ted  by a d i s t a n c e ,  A, i s  given by 
the eq u a t io n
R =  p ( . e / A )
The p r o p o r t i o n a l i t y  co n s ta n t ,  p, i s  c a l l e d  the s p e c i f i c  r e s i s t a n c e  
Since the conductance i s  the  in v e r se  of the  r e s i s t a n c e ,  the r e c i p r o c a l  
of  the  above ex p ress io n  d e f in e s  the conductance of a solu t ion , ,  I t  
fo l low s  t h a t  the  in v e r se  of the  s p e c i f i c  r e s i s t a n c e  i s  the s p e c i f i c  
conductance.  I t  i s  the common p r a c t i c e  t o  e v a lu a te  the r a t i o  &/A 
f o r  a g iven  c e l l ,  by observ ing  the  r e s i s t a n c e  of  a s o lu t i o n  of  known 
s p e c i f i c  conductance.  The r a t i o  f o r  a p a r t i c u l a r  c e l l  i s  c a l l e d  the 
c e l l  c o n s ta n t .
U su a l ly  chemists  p r e f e r  t o  use the e q u iv a le n t  conductance 
r a t h e r  than  the s p e c i f i c  conductance.  I f  the  c o n c e n t r a t io n ,  C, i s  
expressed a s  g ram -equ iva len ts  of s o lu t e  per  l i t e r ,  the r e l a t i o n  
between e q u iv a l e n t  and s p e c i f i c  conductance i s
A = 1000/pC
S u b s t i t u t i n g  the express ion  f o r  p produces the fo l lowing equa t ion  fo r  
e q u iv a len t  conductance:
The c e l l  used in  these  d e te rm in a t io n s  has a volume of about 
15 vnl and i s  equipped w i th  two p l a t i n i z e d  pla t inum e lec t rodes , ,  A 
rough measurement i n d i c a t e s  the  r a d iu s  of  the  e l e c t r o d e s  i s  about 
1 cm and the  d i s t a n c e  between them i s  about  0 .85 cm. I t  i s  es timated  
from th ese  v a lu e s  t h a t  the  c e l l  cons tan t  should be approx imate ly  0 .3 .
To a c c u r a t e l y  determine the  c e l l  cons tan t  a 0.011N s o lu t io n  
of  po tass ium c h lo r id e  in  water  was prepared  and the r e s i s t a n c e  of
12the  s o lu t i o n  measured. The e q u iv a le n t  conductance of t h i s  s tandard
was 141.0 .  A v a lue  of 0.295 was ob ta ined  fo r  the  c e l l  cons tan t
us ing  t h i s  c a l i b r a t i o n ,  which compares w e l l  w i th  the e s t im a te .
R esu l t s  of the measurements performed on the  oxomolybdenum(V)
compounds a re  shown in  Table VII .  These v a lu e s  may be compared with
13r e s u l t s  quoted by Drago and P u r c e l l  f o r  a number of  one to  one 
e l e c t r o l y t e s .  The range of  e q u iv a le n t  conductances  f o r  th e se  known 
compounds was 168 to  208. Judged on t h i s  b a s i s  the r e s u l t s  obta ined 
i n  t h i s  i n v e s t i g a t i o n  appear  to  g e n e r a l l y  support  the con ten t io n  
t h a t  th e se  compounds are  monomeric, one to  one e l e c t r o l y t e s ,  a l though  
th e  conductance of [(C 2 H^)^N][MoOC^(FgA) ] i s  r a t h e r  high and may 
i n d i c a t e  some f u r t h e r  d i s s o c i a t i o n .
12. Weast,  R. C. (Ed) "Handbook of  Chemistry and Physics" ,  
The Chemical Rubber Co., Cleveland,  Ohio, 46th  e d . ,  1964, p D81.
13. Drago, R. S . ,  and P u r c e l l ,  K. F . ,  "Coordina t ing  Solvents  
pp 211-251 in  "Non-Aqueous Solvent Systems", T. C. Waddington ( e d . ) ,  
Academic P r e s s ,  1965.
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Table VII
Equiva len t  Conductances of Oxomolybdenum(V) Complexes a t  25°C
Compound Equ iva len t  Conductance
[(C 2 H5 ) 4 N][MoOC^3 (F 6 A)] 2 1 0  ohms " 1  cm2
[(C 2 H5 ) 4 N][MoOCi3 (TF3 A)] 150
[(C 2 H5 ) 4 N][MoOC£3 (BF3 A)] 150
[(C 2 H5 ) 4 N][MoOC43 (DBM)] 174
[(C 2 H5 ) 4 N][Mo0Br 3 (DBM)] 193
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MAGNETIC SUSCEPTIBILITY
The theory  of magnetic s u s c e p t i b i l i t y  i s  t r e a t e d  in  d e t a i l  
14 15in  s e v e ra l  s tandard t e x t s  ’ I f  a c y l i n d r i c a l  sample i s  suspended
in  a magnetic f i e l d  so t h a t  one end i s  in  an area  of h igh  i n t e n s i t y
and the o th e r  i s  in  a reg ion  of  n e g l i g i b l e  i n t e n s i t y  the  fo rce
14a c t i n g  on the  sample, F, i s  given by the equa t ion  . :
F = -|a (H2  -  H2) (K - X') + 6
where A - c r o s s - s e c t i o n a l  a rea  of  the sample 
H - h igher  i n t e n s i t y  f i e l d  s t r e n g th  
H - lower i n t e n s i t y  f i e l d  s t r e n g th
K - magnetic s u s c e p t i b i l i t y  of  the sample per  u n i t  volume
K,_ magnetic s u s c e p t i b i l i t y  of the  atmosphere per  u n i t  volume
6  -  fo rce  due to  the  sample tube alone
I t  i s  assumed tha t  the sample i s  of uniform c r o s s - s e c t i o n  so t h a t  
1 2  2the  f a c t o r  “ Hq) may be t r e a t e d  as a cons tan t  and a d e n s i ty
f a c t o r  i s  in t roduced  to t ransfo rm  the volume s u s c e p t i b i l i t y  o f  the 
sample to  gram s u s c e p t i b i l i t y .  Now the  equa t ion  has the form:
106 _ o±SJLl
Ag w
where ^  - gram s u s c e p t i b i l i t y  o f  the sample 
o' - cons tan t  due to  d isp laced  a i r  
P - tube c a l i b r a t i o n  constant
14. F ig g i s ,  B.N.,  and Lewis, J . , in  J .  Lewis and R.G. W i lk in s '  
"Modern Coordina t ion  Chemistry",  I n t e r s c i e n c e  P u b l i s h e r s ,  I n c . ,  New York, 
1960, pp 400-454.
15. Selwood,P.W., "Magnetochemistry", I n t e r s c i e n c e  
P u b l i s h e r s ,  I n c . ,  2nd E d i t i o n ,  1956.
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F 1 - fo rce  exe r ted  on the sample in mg ( i . e .  observed fo rce  
minus 6 )
w - weight  of  the  sample in  grams
To determine the  c o r r e c t i o n  due to  the d isp la c e d  a i r ,  a,
the tube i s  f i l l e d  to  the mark w i th  w ater  and the volume determined
by the  weight of  the w a te r .  A volume of 0.2871 mj& r e s u l t s  (average
14of two d e te rm ina t ions )  when t h i s  method i s  used.  F ig g i s  and Lewis
-  6s t a t e  t h a t  the  volume s u s c e p t i b i l i t y  of a i r  i s  0.029 x 10 c . g . s  
u n i t s  /  cm ^ a t  20°C. The product  of the tube volume and the  a tmospheric  
s u s c e p t i b i l i t y  i s  0.0083 x  10 the value  of a.  Since t h i s  i s  a t  
the l i m i t s  of  accuracy of  the procedure t h i s  cons ta n t  was ignored in  
the c a l c u l a t i o n s  below.
Ev a lu a t io n  of |3 i s  u s u a l ly  performed by o b se rv a t io n s  on 
a sample of known s u s c e p t i b i l i t y ;  e i t h e r  co b a l t  t e t r a k i s ( t h i o c y a n a t o )  
m e r c u r a t e ( I I ) ^  or t r i s ( e t h y l e n e d i a m i n e ) n i c k e l ( I I ) t h i o s u l p h a t e ^  i s  s u i t a b l e
Q
fo r  t h i s  purpose. The l a t t e r  compound was chosen because i t  i s  a d 
system and should y i e ld  va lu es  s im i l a r  to those expected fo r  the new 
compounds to be i n v e s t i g a t e d .  I t  was prepared as  desc r ib ed  by Adams 
and R ay n o r^ .
The Gouy tube was packed by adding a smal l  amount of 
m a t e r i a l ,  then  tapp ing  i t  a g a in s t  the desk top a t  l e a s t  1 0 0  t imes.
16. F ig g i s ,  B.N.,  and Nyholm, R .S . ,  J .  Chem. S o c . , 4190 (1958).
17. Ogden, D . , D i s s e r t a t i o n  V i c t o r i a l  U n iv e r s i t y  of Manchester,
1966.
18. Adams, D.M., and Raynor, J . B . ,  "Advanced P r a c t i c a l  
In o rg an ic  Chemistry" , John Wiley and Sons, 1965, p 150.
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This  p rocess  was continued  u n t i l  the  s o l id  reached a small mark 
sc r ibed  in  the  g l a s s .  The compound used f o r  c a l i b r a t i o n  was f i n e ­
g ra ined  and packed w e l l  w i thou t  g r in d in g ,  however, in  most cases ,  
i t  was necessa ry  to  gr ind  the substance in  a motar and p e s t l e  
b e fo re  packing. During the  f i l l i n g  process  care was exe rc ised  to  
preven t  f i n g e r p r i n t s  on the g l a s s  and when the  packing was complete 
the  tube was wiped w i th  a c lean ,  l i n t - f r e e  c lo th  t o  remove any 
fo re ig n  m a t t e r  picked up dur ing the  tapp ing .  N i t r i c  acid or acetone 
was used to c lean  the  tube and i t  was d r ie d  i n  an oven a t  100°C 
p r i o r  to  each d e te rm in a t io n .
A t y p i c a l  s e t  of  r e s u l t s  fo r  the  c a l i b r a t i o n  i s  as. fo l lows 
(each o b se rv a t io n  i s  the average of th re e  read ings  recorded to  the 
n e a r e s t  t e n t h  of a m i l l ig ram ) :
1 . weight of the empty tube out  of the f i e l d  160,1 mg
2 . weight o f  the empty tube in  the f i e l d  160,5
3. weight of  the tube and the s o l id  out  of the f i e l d  275.2
4. weight  of the tube and the s o l i d  in  the f i e l d  278.0
These r e s u l t s  i n d i c a t e  a tube c o r r e c t io n  (#2 - #1) of 0 .4  mg. The 
apparan t  paramagnetism of the tube was probably due to  the presence
of paramagnetic  or fe r rom agne t ic  m a te r i a l  in  the g l a s s  (see  r e f .  14, 
p 413) s ince  changing the  p o s i t i o n  of  the tube did no t  remove the 
c o r r e c t i o n ;  The weight  of  the sample in  t h i s  case i s  (#3 - #1)
0.1151 g. The fo rce  exer ted  by the f i e l d  on the paramagnetic 
substance i s  equal to  the  weight  change when the f i e l d  i s  app l ied  
to  the sample (#4 - #3) minus the tube c o r r e c t i o n  obtained above.
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The r e s u l t  i s  2.8  -  0 ,4  = 2 .4  mg. The gram s u s c e p t i b i l i t y  of 
Ni (en)^  S^0 3  i s  10,84 x 10 ^ a t  298°K. (see  r e f , 18 p 150),
I n s e r t i n g  these  numbers i n to  the  equa t ion  s t a t e d  e a r l i e r  one o b ta in s :
_ 10.84 x 0.115 g 
2 ,4  g 
0 = 0,520
Values of  0.520,  0,527 and 0.508 were determined fo r  th re e
d i f f e r e n t  tube packings .  The va lue  of |3 used fo r  the  d e te rm in a t io n s
below i s  0 .518,  the  average of the above.
To t e s t  the accuracy  of the procedure us ing  t h i s  appara tus
19a sample of Co[Hg(SCN)^] was prepared according  to  th e  l i t e r a t u r e
and the  gram s u s c e p t i b i l i t y  was determined as desc r ibed  above.
-  6 *  6Observed r e s u l t s  were 14.9 x 10 and 15.2 x 10 or an average va lue
of  15.0 x 10 The r e p o r te d  v a lu e  ( r e f . 14, p 415) i s  16.44 x 10
A f r e s h l y  open b o t t l e  of f e r ro u s  ammonium s u l f a t e  was determined to
“ 6have a gram s u s c e p t i b i l i t y  of 30.4 x 1 0  compared to  the  r ep o r ted
— fiv a lu e  ( r e f . 14, p 415) of 32.3  x 10 .
As a f i n a l  t e s t  the magnetic moment of a sample of vanadyl 
a c e ty la c e to n a te ,w h ic h  had been r e c r y s t a l l i z e d  from a c e t o n i t r i l e ,  
was determined.  The procedure i s  shown in  d e t a i l  s ince  i t  i s  r a t h e r  
s im i l a r  to  t h a t  used f o r  the molybdenum compounds. As be fo re  each 
o b s e rv a t io n  i s  the  average of th re e  read ings  rounded to  the  n e a re s t  
t e n th ,  of a m i l l ig ram .
19. S c h le s s in g e r , G.,  " In o rg an ic  Labora tory  P r e p a ra t i o n s " ,  
Chemical Pub l i sh ing  Co.,  New York, 1962, p 81.
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1. weight  of the empty tube out of the f i e l d  159.5 mg
2 . weight of the  empty tube in  the f i e l d  160.1
3. weight  of the  tube and the so l id  w i thou t  f i e l d  444.0
4. weight of the  tube and the so l id  w i th  the f i e l d  447.0
tube c o r r e c t i o n  = 0 .5  mg; weight  of  sample = 284.7; F* = 2.2 mg
io 6v .*g W
_ 0-518 x 2 . 2  mg 
0.2847
= 4.00
M u lt ip ly  by the molecular  weight of  the compound to  o b t a in  the  molar 
s u s c e p t i b i l i t y  of  the compound,
f a  = 4 .00 x 10 ‘ 6  x  265 
Xm = ' 1 ° 6° * 10"6 
The molar s u s c e p t i b i l i t y  obta ined  above must be co r rec ted  
fo r  the  diamagnetism of  substance  us ing  the v a lu e s  of P a s c a l ' s  
Constants  from Selwood^.
vanadium(IV) - 7.00
oxygen (3 x 1.72) + 5 . 1 6
carbon (5 x 6.00) -30 .00
hydrogen (7 x 2.93) -20.51
t o t a l  d iamagnet ic  c o r r e c t i o n  -52 .35
This  c o r r e c t i o n  i s  s u b t r a c te d  from the molar s u s c e p t i b i l i t y  
to  obt 'ain the  a c tu a l  molar s u s c e p t i b i l i t y ,
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= 2.84 (301.7 x 1112 x 10“ 6)^
1.65 B.M.
14As a comparison, F ig g i s  and Lewis r e p o r t  a va lue  of 1.72 B.M.
Resu l t s
Below i s  a Table of the  va lues  obta ined  f o r  th e  magnetic 
moments of the  compounds which have been prepared in  s u f f i c i e n t  
q u a n t i t y  to  permit  use of the p rocedure .  Each va lue  i s  the average 
of  two d e te rm in a t io n s .  The maximum u n c e r t a i n t y  i s  probably  ±0.2 
Bohr Magnetons.
Table VIII
M a g n e t ic  M o m en ts  o f  t h e  New  O x o m o ly b d e n u m (V ) C om pounds
Com pound M a g n e t ic  M om ent ( B o h r . M a g n e t r o n s )
[ ( c 2h 5 ) 4 n ] [ m o o c 4 3 ( f 6a ) ]
C ( c 2 h 5 ) 4 n ] [ m o o c a 3 ( t f 3a ) ]
[  (C 2 H 5 )  4 N ]  [M o OCj&3 (B F 3A ) ]
[ ( C 2H 5 ) 4N ] [ M o OCj&3 (D B M )]
[ ( C 2 H 5 ) 4 N ][M o O B r 3 (D B M )]
1 . 8,
1 . 6
1.6
1.7
1.7
7
9
3
7
5
ELECTRON PARAMAGNETIC RESONANCE
The e f f e c t  of the  l igand f i e l d  i n  a complex ion upon the
meta l  o r b i t a l s  i s  most f r e q u e n t ly  s tud ied  by u l t r a v i o l e t - v i s i b l e
spec t roscopy ;  however, an o th e r  v a lu a b le  method f o r  d e t e c t i n g  the
e f f e c t  of c o o rd in a t io n  i s  e l e c t r o n  paramagnet ic resonance (EPR)
20 21 22spec t roscopy .  ’ ’ A ve ry  b r i e f  d i s c u s s io n  of  some of the
r e l e v a n t  f e a tu r e s  of t h i s  method, drawn from s tandard  r e f e r e n c e s ,  
i s  inc luded  h e re in .
A f r e e  e l e c t r o n  possesses  a magnetic moment which may be 
regarded as  a r i s i n g  from the  sp inn ing  motion of the e l e c t r o n i c  charge.  
I f  the  e l e c t r o n  i s  placed in  a magnetic f i e l d  the energy i s  g iven 
by the equa t ion
E = -p, H cos 0
where E i s  the energy in  e r g s ,  p, i s  the  magnitude of the magnet ic  
d ip o le  moment in  e rgs  per  gauss,  H i s  the magnetic f i e l d  s t r e n g t h  in  
gauss and 0  i s  the angle between the magnetic moment and the  d i r e c t i o n  
of the e x t e r n a l  f i e l d .  The o r i e n t a t i o n  of the  magnetic moment of the 
e l e c t r o n  i s  quantized in  such a way t h a t  only two energy v a lu e s  are  
p o s s ib l e .  These two o r i e n t a t i o n s  a r e  descr ibed  by the  sp in  quantum
20. Ingram, D . J .E . ,  "Spectroscopy a t  Radio and Microwave 
F requenc ie s" ,  B u t te rw or ths ,  London, 1955.
21. Pake, G.E. ,  "Paramagnet ic Resonance", W. A. Benjamin, 
I n c . ,  New York, 1962.
22. Bersohn, M, and Baird ,  J .  C. ,  "E lec t ro n  Paramagnetic 
Resonance", W. A. Benjamin, I n c . ,  New York, 1966.
69
number, m , which has v a lu e s  of +1/2 and - 1 /2  only .  The usual  s
convention i s  to  assume t h a t  the  e x t e r n a l  magnetic f i e l d  i s  ap p l ied
along the  z a x i s  and so the t o t a l  angula r  momentum of the  e l e c t r o n i c
system along the z a x i s ,  S , i s  of s p e c i a l  i n t e r e s t , ,  I f  the  e l e c t r o n
i s  in  an atomic o r b i t a l  the t o t a l  angular  momentum w i l l  be determined
by not only the  sp in  momentum but  a l s o  the  o r b i t a l  momentum, which
i s  i n d ic a te d  by the  quantum number, m^„ For the  unbound e l e c t r o n
th e  l a t t e r  e f f e c t  i s  n e g l i g i b l e  and so v a lu e s  of + l / 2 h  and - l / 2 h
a re  the only p o s s i b i l i t i e s  f o r  S . The r e l a t i o n  between the magneticz
moment and the  t o t a l  angu la r  momentum of the  e l e c t r o n  i s  expressed by
ge S
z h  z
where gg r e p r e s e n t s  the  Lande g f a c t o r ,  a p r o p o r t i o n a l i t y  cons tan t  
between the magnetic  moment and the magnetic momentum f o r  the  
unbound e l e c t r o n ,  and p, i s  the Bohr magneton (eh/2me c)„ I n s e r t i o n  
of  t h i s  r e l a t i o n  i n t o  the  energy equa t ion  mentioned p re v io u s ly  
produces
8e
E '  h
Thus, two energy s t a t e s  a re  p o s s ib le  fo r  the f r e e  e l e c t r o n  in  a 
magnetic f i e l d :  + ^gg p^ Hz and gg p^ Hz « T r a n s i t i o n s  between
th ese  s t a t e s  a re  p o s s ib l e  by a f l i p p i n g  of  the d i r e c t i o n  of the 
e l e c t r o n ' s  angu la r  momentum v e c t o r ,  the energy of the  t r a n s i t i o n  
being given by
AE = g p-H epB z
or  i f  the Planck r e l a t i o n  i s  app l ied
hv “ V b\
The frequency f o r  such a t r a n s t i o n ,  v,. i s  in  the  microwave reg ion  
o f  t h e  e lec t ro m ag n e t ic  spectrum when the  magnetic f i e l d  i s  of the 
order  of s ev e ra l  thousand gauss»
The exper im enta l  procedure employed i s  to  p lace  the
sample in  a microwave c a v i t y  where i t  i s  sub jec ted  to  co n s tan t
f requency r a d i a t i o n ,  and then  to  apply  a magnet ic  f i e l d  which i s
v a r i e d  u n t i l  a b s o rp t io n  o c c u r s „ Both the f i e l d  and the  frequency
must be a d ju s ted  from one sample to  ano ther  so t h a t  n e i t h e r  one
a lone  i s  adequate  to  s p ec i fy  the  p o s i t i o n  of a g iven absorption,,
In s t e a d  the  va lue  of g i n  the  equa t ion  hv = g jj, H i s  used.  This
6  J5 2
f a c t o r  equa ls  2.002319 f o r  an unbound e l e c t r o n ,  but when the e l e c t r o n  
i s  in  the o r b i t a l s  of  an atomic nucleus  the  v a lu e  may be a l t e r e d  
a p p re c ia b ly .  Changes in  the g va lue  can y i e ld  v a lu a b le  in fo rm at ion  
concerning the magnetic f i e l d s  which are  a f f e c t i n g  the  e l e c t r o n  in  
an atomic or  molecular  system.
The a c t u a l  spectrum i s  g r e a t l y  s im p l i f i e d  because pa i red  
e l e c t r o n s  do not give r i s e  to an EPR s ig n a l .  This  r e s t r i c t i o n  i s  due 
t o  the  f a c t  t h a t  i f  one of the  e l e c t r o n s  exper iences  a " f l i p "  
( t r a n s i t i o n ) b o t h  e l e c t r o n s  w i l l  possess  the same s e t  of quantum 
numbers.  This i s  fo rb idden  by the  P a u l i  P r i n c i p l e .  Observat ions  
of  e l e c t r o n  paramagnet ic  resonance are  l im i ted  to  m a t e r i a l s  having 
one or  more unpaired e l e c t r o n s ,  t h a t  i s ,  paramagnetic subs tances .
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One f u r t h u r  f a c t o r  must be mentioned befo re  proceeding
to  a d e s c r i p t i o n  of the a c t u a l  s p e c t r a .  I f  the  unpaired e l e c t r o n
under o b s e rv a t io n  i s  in  an o r b i t a l  of atomic nucleus  with  a magnetic
moment, the  two energy l e v e l s  may be s p l i t  i n t o  a s e r i e s  of  su b le v e l s .
This  e f f e c t ,  known as  h y p e r f in e  s p l i t t i n g ,  occurs  because an atomic
nuc leus  having a sp in  of I  w i l l  have (21 + 1) components of the sp in
i n  the z d i r e c t i o n  which may i n t e r a c t  w i th  the  e l e c t r o n  magnetic
energy l e v e l s  to  produce ( 2 1  + 1 ) new energy su b le v e l s  from each of
the o r i g i n a l  l e v e l s .
Since 75% of the  molybdenum n u c le i  have zero spin
^ 9 4 ,9 6 ,9 8 ,100^o  ^ ^ ese nucqe i  have no magnetic moment and no h y p e r f in e .
s p l i t t i n g  r e s u l t s .  However, 25% of  t h e  n u c l e i  have a sp in  of  
95 975/2  ( . * Mo) and h y p e r f in e  i n t e r a c t i o n  between these  n u c l e i  and t h e i r  
e l e c t r o n s  i s  t o  be expec ted .  The r e s u l t i n g  energy lev e l  diagram 
i s  shown in  F igure  8 . Although two d i f f e r e n t  i so to p e s  a re  p re sen t  
w i th  s p in  of 5/2 the  magnetic moments of the  two a r e  so s im i l a r
t h a t  no f u r t h u r  s p l i t t i n g  of the  twelve l e v e l s  l i s t e d  i s  observed
23 24 e x p e r im e n ta l ly .  ’
The energy of a g iven su b le v e l  i s  ob ta ined  from the  equa t ion
E ("V mI> -  8 M uV s + 0  V s
here  m i s  the  quantum number fo r  the z component of e l e c t r o n  sp in  s
momentum, hl. i s  the quantum number f o r  the z component of n u c lea r
23. DeArmond, K, G a r r e t t ,  B.B.,  and Gutowsky, H .S . ,
J .  Chem. P h y s . , 42, 1019 (1965).
24. Kon, H . , and S h a rp le s s ,  N .E . ,  J .  Phys. Chem., 70, 105
(1966).
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Figure  8
Hyperfine s p l i t t i n g  of  the energy l e v e l s  of an e l e c t r o n  bound to  
a nucleus  having a sp in  of 5 /2  and in  the  in f lu en c e  of an e x t e r n a l  
magnet ic f i e l d .  The f i r s t  column (A) r e p r e s e n t s  the unper turbed 
energy l e v e l s ,  the second column (B) shov/s the s p l i t t i n g  of t h i s  
l e v e l  due to  an app l ied  e x t e r n a l  f i e l d  and the t h i r d  column (C) 
dem onstra tes  the  hyper f ine  s p l i t t i n g  o f  the e l e c t r o n i c  energy l e v e l s  
because of  a nuc lea r  sp in  of 5 /2 .
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sp in  and 0, i s  the hyper f ine  coupl ing  c o n s ta n t .  The allowed 
t r a n s i t i o n s  between the v a r io u s  energy l e v e l s  a re  determined by 
the  s e l e c t i o n  r u l e s  Amg = £1 and AnXj. = 0. Thus the only allowed 
a b s o rp t io n s  are  Ej  -  E '^ ,  E” -  E '^ ,  Eg «- E jQ, EJJ -  E£, E^ -  Eg, 
and E^ «- E^ ,'. The t r a n s i t i o n  e n e rg ie s  may be r e a d i l y  c a lc u la t e d  
from the energy v a lu e s  given in  the F ig u re .  For in s t a n c e :
E 1  ‘  E12 = + 4® " I ®
' AE = + “ G
I f  the process  i s  continued f o r  a l l  of the t r a n s i t i o n s  i t  i s  
determined t h a t  s i x  l i n e s  a re  p r e d ic te d  and t h a t  the s e p a ra t i o n  
between each l in e  i s  equal to  Q.
To r e c a p i t u l a t e ,  the above t rea tment  p r e d i c t s  a s in g le  
i n t e n se  a b s o rp t io n ,  corresponding to  E^ *- Ej in  the diagram, 
a s s o c i a t e d  w i th  e l e c t r o n s  moving about molybdenum(V) n u c l e i  having 
a sp in  of ze ro .  On e i t h e r  s ide  of t h i s  l i n e  should be found th re e  
lower i n t e n s i t y  bands caused by i n t e r a c t i o n  between the  e l e c t r o n s  
and molybdenum n u c le i  having a sp in  of  5 /2 .  This  p r e d i c t i o n  
s a t i s f a c t o r i l y  e x p la in s  the  observed spectrum, which i s  shown in  
F igure  9.
Although the ins t rum ent  used in  these  exper iments  has 
an a c cu ra te  f requency c a l i b r a t i o n  dev ice ,  comparable f i e l d  i n t e n s i t y  
read ings  a re  not d i r e c t l y  a v a i l a b l e .  For c a l i b r a t i o n  purposes a 
c a p i l l a r y  tube con ta in in g  a manganese(II) s a l t  d i l u t e d  in  magnesium 
oxide.powder i s  i n s e r t e d  in  the c a v i ty  and t h i s  s ig n a l  i s  superimposed
5 0
GAUSS
Figure  9. EPR Spectrum of  [ ( C ^ )  4 n][moOC13 (DBM)] in  Degassed Acetone S o l u t iron
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on t h a t  of th e  sample. A system of s ix ,  equal i n t e n s i t y  l i n e s  i s  
observed fo r  t h i s  marker .  The s e p a ra t i o n  between the t h i r d  and 
f o u r t h  l i n e s  (coun t ing  from the  low magnetic f i e l d  s ide)  i s  86.7 
gauss and the g v a lu e  f o r  the f o u r th  l i n e  i s  1 .98.  From a simple 
p ro p o r t io n  based on the d i s t a n c e  between the t h i r d  and f o u r t h  s ig n a l s ,  
the  d i f f e r e n c e  i n  magnet ic  f i e l d  ( 8 6 . 7  g au s s ) ,  and the  d i s t a n c e  
between the s ig n a l  to  be measured and the  f o u r t h  l i n e  of  the marker 
i t  i s  p o s s ib l e  to  c a l c u l a t e  the d i f f e r e n c e  in  f i e l d  i n t e n s i t y ,
AH, between the sample and the  r e f e r e n c e  l i n e .
For the  manganese(II)  l i n e  
hv = Sj^UgH
and f o r  the sample ( r e l a t i v e  t o  the  f o u r t h  s ig n a l  of the marker)
hv = g (H - AH)
so lv in g  the above fo r  g
hv8 = HB (H - AH)
i n s e r t i n g  the value  of H from the f i r s t  equa t ion
d iv id in g  the numerator and denominator by
hv
 5 L
® hv
8  ^  (J-g ” AH
s u b s t i t u t i o n  of  observed v a lu e s  i n to  t h i s  equa t ion  al lows de te rm ina t ion
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of the  g v a lu e .  As an example the  fo l lowing  data  i s  found fo r  
[E t 4 N][MoOCA(F6 A)]
v = 9410 megacycles 
-27h = 6o63 x 10 e rg  . sec
= 9o27 x 10 2 1  e rg /gauss  
g1 = 1 .9 8  
H = 57 gauss
s u b s t i t u t i n g
-27 9 -16.63 x 10 e r g . s e c  x 9.41 x 10 sec
-  21_  ________________ 9.27 x 10 e rg /g au ss____________
6.63 x 10 2  ^ e rg«sec  x 9.41 x 10^ sec  ^
------------------------------------------------- &----------_ _ ----------------------------------------------------------------- 5 7  gauss
1.98 x 9.27 x 10 e rg /gauss  
g --- 1 .94?
The v a lu e s  obta ined are  shown in  Table IX. Average hyper f ine  s p l i t t i n g  
v a lu e s  in  gauss were determined by measuring the s e p a ra t i o n  of the 
f i r s t  and l a s t  l i n e  of the  hyper f ine  spectrum, comparing t h i s  w i th  
the  s p l i t t i n g  between the t h i r d  and fo u r th  l i n e s  of  the marker to 
o b ta in  the f i e l d  i n  gauss and then d iv id in g  by f i v e .  Several  
a t tem pts  were made to  l o c a te  a s ig n a l  fo r  the compound t e n a t i v e l y  
i d e n t i f i e d  as  [(C2 H3 ) 4 N][MoOF3 (DBM)] but a l l  were u n su ccess fu l .
Table IX
E le c t r o n  Paramagnet ic S p e c t r a l  Resu l ts  f o r  the New Compounds
Compound g Qav av
[ E t 4 N][MoOCj&3 (F 6 A)] 1.94? 51 gauss
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Table IX (con tinued)
Compound gav Oav
[Et^N ] [MoOC- & 3  (DBM) ] 1 .94 5 55
[E t 4 N][MoOBr3 (DBM)] 1 .982 49
Summation
The exper imenta l  evidence p resen ted  in  the  p receeding  
s e c t i o n  i s  e n t i r e l y  c o n s i s t e n t  w i th  the p roposa l  th a t  a l l  of  the 
compounds except  t h a t  prepared by f l u o r i n e  exchange are monomeric 
oxomolybdenum(V) complexes. The a n a l y t i c a l  d a ta  i s  i n  good agreement 
w i th  v a lu e s  expected f o r  such compounds, whereas,  i f  the  spec ie s  
were d im er ic  s u b s t a n t i a l  changes would be e v id en t  in  the t h e o r e t i c a l  
v a lu e s .  The bulk magnetic s u s c e p t i b i l i t y  r e s u l t s  a re  a l s o  w i th in  
exper im en ta l  e r r o r  of the va lue  of 1 .73,  which i s  the sp in -o n ly  
r e s u l t  expected f o r  a d* system. F i n a l l y  the  p resence of sharp i n f r a r e d  
a b s o rp t io n s  i n  the  reg ion  900 - 1000 cm *, probably the metal-oxygen 
s t r e t c h ,  and the absence of  broad a b so rp t io n s  in  the reg ion  800 - 900 cm"*, 
u s u a l ly  a s s o c i a t e d  w i th  oxo b r id g in g  in  d im er ic  subs tances ,  appears  to 
conf irm t h a t  the subs tances  are monomeric in  the s o l id  s t a t e .
The same d e s c r i p t i o n  seems to  be s a t i s f a c t o r y  fo r  s o lu t io n s  
of these  m a t e r i a l s .  This i s  evidenced by the  paramagnetism of  the 
compounds, as d e te c te d  by e l e c t r o n  paramagnet ic resonance ,  and the 
f a c t  t h a t  e l e c t r o n i c  s p e c t r a  of the s o lu t i o n s  a re  s im i l a r  to  those
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observed f o r  the  s o l id s  as  mulls  or by d i f f u s e  r e f l e c t a n c e .
Equ iva len t  conductance a l s o  corresponds to  t h i s  assignment.
In  summation the evidence r ep o r ted  above g ives  s t rong  
support  to  the assignment  of monomeric, paramagnet ic  na tu re  to a l l  
of the compounds prepared in  t h i s  i n v e s t i g a t i o n  (except  one) r e g a rd l e s s  
of  whether  they are  in  s o lu t i o n  or the s o l id  s t a t e .  The' lone excep t ion  
i s  the complex i d e n t i f i e d  as [(C^H^J^Nl^oOF^CDBM) ] .  The f a i l u r e  
t o  observe a s ig n a l  by means of EPR i s  i n d i c a t i v e  of  e i t h e r  
molybdenum(VI) or sane d im er ic  sp e c ie s ,  but in  the absence of f u r th u r  
suppor t ing  evidence i t  i s  dangerous to make any proposal  based only 
on the absence of a s ig n a l .  I t  i s  obvious t h a t  f u r t h u r  work i s  
r e q u i re d  on t h i s  compound and t h i s  w i l l  be d iscussed  in  the  f i n a l  
s e c t io n  of  t h i s  d i s s e r t a t i o n .
DISCUSSION
This s e c t io n  i s  in tended to  be a d e t a i l e d  e x p la n a t io n  of  
the  e l e c t r o n i c  s p e c t r a  of the new compounds desc r ibed  p re v io u s ly ,  
e s p e c i a l l y  w i th  regard  to  the e f f e c t i v e n e s s  of  the  Gray and Hare 
scheme as a s u i t a b l e  model f o r  the e l u c i d a t i o n  of  these  r e s u l t s .  I t  
i s  assumed t h a t  the evidence p resen ted  e a r l i e r  i s  s u f f i c i e n t  to 
support  the p roposa l  t h a t  the complexes a re  monomeric, paramagnet ic ,  
oxomolybdenum(V) sp ec ie s  and so t h i s  w i l l  be t r e a t e d  as an 
e s t a b l i s h e d  f a c t .  Since i t  has not  y e t  been complete ly c h a r a c t e r i z e d ,  
the  compound produced by f l u o r i n e  exchange w i l l  no t  be d iscussed  
in  any d e t a i l  and i t  i s  not included in  any of the  gene ra l  conc lus ions  
advanced in  the  course  of  the fo l lowing  commentary. In  the absence 
o f  any co n t ra ry  d a t a ,  a g ross  o c tah ed ra l  c o n f ig u ra t io n  i s  presumed 
f o r  the  new complexes.
Assignment of  a coo rd ina te  system a p p r o p r i a t e  fo r  the  new 
sp ec ie s  i s  complicated by the f a c t  t h a t  i t  i s  no t  known i f  the  
p -d ike tone  i s  a t t a c h e d  to  the  metal only  in  the p lane  p e rp e n d ic u la r  
to  the oxo group or  i f  one of the  c h e la te  oxygens i s  t r a n s  to  the 
oxo group. As w i l l  be expla ined l a t e r ,  the former assumption i s  more 
c o n s i s t e n t  w i th  the i n t e n s i t i e s  of  the bands which are presumed to  
be d-d t r a n s i t i o n s ,  and, based on t h i s  s u p p o s i t io n ,  the coo rd ina te  
system shown in  F igure  10 i s  chosen.
Using t h i s  model r e q u i r e s  C symmetry f o r  molecules ins
which and are  i d e n t i c a l ,  or  symmetry in  the  event t h a t
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Figure 10. Coordinate System Used in  C3 Symmetry
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they are  d i f f e r e n t .  The C c h a r a c te r  t a b l e  ap p ro p r ia te  f o r  thes
coord ina te  system adopted i s  g iven  below:
c E as xz
A1 1 1 2 2 2 x , z , x  ,y  , z  ,xz
A" 1 -1 y ,y z ,x y
From t h i s  t a b l e  i t  may be r e a d i l y  seen t h a t  d^2 y2» ^z 2
and d^z belong to the  A 1 r e p r e s e n t a t i o n  and d^z and d ^  belong to 
the  A" r e p r e s e n t a t i o n .  The change in  the arrangement of the axes 
must be accompanied by a r e - e v a l u a t i o n  of the o rder ing  of  the 
en e rg ie s  of  the metal d o r b i t a l s .  Some adjustment  of the a r r a y  
of  d l e v e l s  used in  C^  symmetry i s  probably requ i red  to  harmonize 
w i th  the new d i s p o s i t i o n  of  the axes .
Since the  d ^  y2 o rb i t a l  p o in t s  between a l l  of  the  l igands  
in  the e q u a t o r i a l  plane and away from the a x i a l  l i g a n d s ,  e s p e c i a l l y  
the  oxo group, t h i s  w i l l  become the  ground s t a t e  o r b i t a l .  The dxz
and dy 2  l e v e l s  a l s o  po in t  between a l l  of  the l igands  but  w i l l  be 
h ig h e r  in  energy due to  t h e i r  having cons ide rab le  e l e c t r o n  d e n s i ty  
in  the v i c i n i t y  of  the oxo group. These two l e v e l s ,  which a re  
degenera te  i n  C^  symmetry, w i l l  s t i l l  be very  s im i l a r  i n  energy, 
but  should d i f f e r  s l i g h t l y  s ince  the environments a re  not  e x a c t ly  
the same. I t  i s  no t  p o s s ib l e ,  using simple Crys ta l  F ie ld  arguments,  
to  decide the  exact  magnitude of  the s p l i t t i n g ,  or  which one w i l l  
be lower in  energy,  but the energy d i f f e r e n c e  i s  expected to  be
r a t h e r  sm al l .  Because i t  p o in t s  d i r e c t l y  a t  the e q u a t o r i a l  l ig an d s
the  d o r b i t a l  should be next  and the  d o l e v e l  i s  s u r e ly  h ig h e s txy z^
in  energy ,  p o in t in g  d i r e c t l y  a t  the  oxo group.
To summarize the  q u a l i t a t i v e  arguments p resen ted  above,
the  major changes in  the arrangment of the  metal  d o r b i t a l s  as the
symmetry i s  changed from C^v to  Cg and the  axes r e v i se d  to  correspond
to  the  new symmetry i s  the  c e r t a i n t y  t h a t  the degeneracy of the
d ,d l e v e l  i s  removed and the exchange of  p o s i t i o n s  of  the  d x z ’ yz xy
and d^ 2  y 2  ol“b i t a l s ,  so t h a t  the l a t t e r  becomes the ground s t a t e ,
A, Assignment of  the  "Weak" I n t e n s i t y  Bands
In  a d'*' system, such as  oxomolybdenum(V), only th re e
d-d t r a n s i t i o n s  a re  p o s s i b l e :  d , d «- d 0  (which may ber  xz* yz x^-y^
s p l i t  i n t o  two bands by the  low symmetry), d *- d ^  ^ 2  ant^
^ z 2  *" ^ x 2  y 2 * i n t e n s -^t:*-es l igand  f i e l d  a b s o rp t io n s  a re
q u i t e  low, the  e x t i n c t i o n  c o e f f i c i e n t s  being always l e s s  than 
500 and f r e q u e n t ly  having va lues  and an o rde r  of  m agni tude . sm a l le r .
I t  i s  l o g i c a l  to  look fo r  these  t r a n s i t i o n s  i n  th e  reg ion  of the 
spectrum where bands, p re v io u s ly  des igna ted  as  "weak bands",  have 
been observed.
The f i r s t ,  and most d e f i n i t e ,  assignment which can be made
in  t h i s  reg io n  i s  to  a s c r i b e  the broad,  weak band cen tered  a t
about  14 kK in  a l l  of  the complexes as the  d , d ♦- d o o
1 xz* yz x^-y^
e x c i t a t i o n .  This i s  c o n s i s t e n t  w i th  the work of Gray and Hare, 
i f  the change in  coord ina te  system i s  taken  i n t o  account .  As was
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poin ted  out  in  the  i n t r o d u c t i o n ,  the e x i s te n c e  of  a band of  t h i s  
type ,  a t  t h i s  frequency in  so many d i f f e r e n t  oxomolybdenum(V) 
complexes i s  imposs ib le  t o  ex p la in  un less  the o r i g i n  of the 
a b s o rp t io n  i s  c lo s e ly  r e l a t e d  to  the t e t r a g o n a l  d i s t o r t i o n  r e s u l t a n t  
from the presence of the oxo group. The in v a r ie n ce  of the f requency 
when d ea l in g  w i th  so many d i f f e r e n t  l ig a n d s  e l im in a te s  the p o s s i b i l i t y  
t h a t  i t  might be connected w i th  the l igand  and a t  the same time 
p reven ts  the  assignment  of  t h i s  band as d ^  «- y 2 > ^or t i^e
d i f f e r e n c e  in  energy between th ese  two l e v e l s  i s  equal  to  lODq.
A change in  the l igand should produce a corresponding change in  
lODq, and the  f a i l u r e  to  observe such a change e l im in a te s  the  l a t t e r  
p o s s i b i l i t y .
Having a r r iv e d  a t  a f i rm  assignment  f o r  the peak, i t  i s
next  necessa ry  t o  in q u i re  i f  any evidence i s  observed fo r  the s p l i t t i n g ,
which might e x i s t  between the d and d l e v e l s .  I t  i s  to  be expected °  xz yz r
t h a t  d i f f i c u l t y  would be encountered in  observ ing  any s e p a ra t io n  
because of  the broad envelope o f  v i b r a t i o n a l  components which 
compose the t r a n s i t i o n .  Unless the f requency d i f f e r e n c e  i s  la rge  
the  over lap  of  the two band envelopes  w i l l  make r e s o l u t i o n  d i f f i c u l t .
A shou lder  i s  observed on the 14kK band f o r  a l l  o f  the  compounds 
i n  mulls  a t  77°K and i s  f r e q u e n t ly  observed in  s o lu t i o n  s p e c t r a .
This  may r e p re s e n t  the expected s p l i t t i n g .  On th e  o th e r  hand 
th e r e  e x i s t  two f u r t h e r  p o s s i b i l i t i e s :  i t  may be only a p a r t i c u l a r l y
prominant v i b r a t i o n a l  t r a n s i t i o n  or  i t  may be a m e ta l - t o - l i g a n d  
t r a n s i t i o n .  No evidence i s  a v a i l a b l e  which al lows e v a lu a t io n  of
th e se  p o s s i b l e  cho ices .
The next  problem i s  to  a s c e r t a i n  the  i d e n t i t y  o f  the
p a i r  of  bands which appear  i n  the reg ion  1 8 - 2 1  kK and a re  more
in t e n s e  than the  band p re v io u s ly  mentioned. S evera l  p o s s i b i l i t i e s
e x i s t .  The d «- d o -> t r a n s i t i o n  almost s u r e l y  e x i s t s  in  t h i s  xy x^-y^ J
a rea  and the  two bands observed in  s o lu t i o n  may simply be v i b r a t i o n a l
components of  t h i s  s i n g l e ,  d-d t r a n s i t i o n .  A second p o s s i b i l i t y
would p la ce  a l l  the l igand  f i e l d  bands a t  low energy,  a s s ig n in g
one of the a b so rp t io n s  to  the d «- d o 9  and the o th e r  toxy x^-y^
d ^ 2  ^ x 2  y2° F i n a l l y  i t  might be f e a s i b l e  to  e x p la in  them as  a
combinat ion o f  the d *- d^ 2  y2 an<* an i n t r a l i g a n d  t r a n s i t i o n  from
a s i n g l e t  t o  a t r i p l e t  s t a t e .  The v a l i d i t y  of  each of  these
p o s s i b i l i t i e s  must be examined.
The p o s s i b i l i t y  of  d e t e c t i n g  a s i n g l e t  to  t r i p l e t  t r a n s i t i o n
in  the  ab so rp t io n  spectrum of a t r a n s i t i o n  metal  complex i s  u s u a l l y
not  cons ide red .  Very weak s i n g l e t  to  t r i p l e t  a b s o rp t io n s  have
been re p o r te d  in  some o rg an ic  molecules'*' but  up u n t i l  now t h e r e  have
been no such d e f i n i t e  assignments  rep o r te d  f o r  the a b s o rp t io n  s p e c t r a
of  t r a n s i t i o n  metal complexes. There i s ,  however,  r e s e a r c h  being
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completed in  t h i s  l a b o r a to ry  which i s  c o n s i s t e n t  w i th  such an 
assignment f o r  a low i n t e n s i t y  peak found in  the  e l e c t r o n i c  a b s o rp t io n  
s p e c t r a  of  a la rge  number of  p - k e to e n o la te s  of the vanadyl ion .
1. Lower, S .K . , and El-Sayed,  M.A., Chem. Revs. ,  6 6 , 199
(1966).
2. Ogden, D . , and S e lb in ,  J . , unpubl ished  work.
Since the  oxomolybdenum(V) system bears  such a c lose  resemblence 
to  oxovanadium(IV) i t  i s  r easonab le  to  a t tem pt  to  f in d  support  fo r  
t h i s  con ten t io n  in  the  p r e se n t  work. U n fo r tu n a te ly ,  the s p e c t r a  
r e p o r te d  f a i l  to  c o n t r ib u t e  to  the problem. D e f i n i t e  assignment  
o f  s i n g l e t - t r i p l e t  c h a r a c t e r  i n  these  s p e c t r a  i s  not  p o s s i b l e ,  
judg ing  from the b e s t  evidence a v a i l a b l e .
The b a s i s  f o r  the  s ta tm ent  made above i s  twofold;  The 
e x t i n c t i o n  c o e f f i c i e n t s  f o r  most bands i n  the reg io n  where such a 
t r a n s i t i o n  might be found a re  much too h igh  (as  g r e a t  as  550) and 
the  agreement of  the  f r e q u e n c ie s  i s  poor when compared w i th  Ogden 
and S e l b i n ’s v a lu e s  f o r  the presumed s i n g l e t - t r i p l e t  a b s o rp t io n .
The f a i l u r e  to  agree w i th  the r e s u l t s  of Ogden and S e lb in  might 
e a s i l y  be exp la ined  by the  e f f e c t  of  the d i f f e r e n t  metal  io n s  on 
the  {3 -d ike tones  but  the  i n t e n s i t y  argument i s  d i f f i c u l t  to  over look.
One o th e r  chance f o r  the s i n g l e t - t r i p l e t  assignment i s  
the band a t  2 0  to  2 2  kK which i s  v i s i b l e  only in  mulls  a t  l iq u id  
n i t ro g e n  tem pera tu res .  Lacking any ac c u ra te  measure of the i n t e n s i t y  
i t  i s  d i f f i c u l t  to  exclude such a hypo thes is  b u t ,  as  n e a r ly  as may 
be determined from the  mull s p e c t r a ,  i t  i s  s im i l a r  in  i n t e n s i t y  to  
the  two bands p rev io u s ly  examined. I t  w i l l  be seen s h o r t l y  t h a t  
th ese  bands are  c o n s i s t e n t  w i th  the p o s t u l a t i o n  of v i b r a t i o n a l  
s t r u c t u r e '  of a d-d t r a n s i t i o n .  Under these  c i rcumstances  i t  i s  not 
p o s s ib le  to  complete ly  e l im in a te  the  s i n g l e t - t r i p l e t  p o s s i b i l i t y ,  
bu t  i t  does appear  u n l ik e ly .
The p o s i t i o n  of the  d o d 2 2 e x c i t a t i o n  i s  3  m at te r  of
some debate .  On the b a s i s  o f  t h e o r e t i c a l  arguments the  eq u iv a len t
t r a n s i t i o n  has  been placed a t  very  h igh  f req u en c ie s  by Bal lhausen
and Gray^ in  VOO^O)^*, by Gray and Hare^ i n  [MoOCX^]^ , and by
5 2-Wentworth and Piper  i n  [MoOX^] (where X i s  CA, Br, o r  F ) . As
has been po in ted  out by S e lb in ,  Maus, and Johnson**, the  frequency
of  t h i s  t r a n s i t i o n  i s  expected to be h igher  i n  the a c e t y l a c e t o n a t e
complex of vanadyl th a n  in  the  pentaaquo complex. D esp i te  t h i s
the re  has been a tendency to  a s s ig n  the t r a n s i t i o n  a t  low
frequenc ie s  i n  p-d ike tone  complexes. A s i m i l a r  t rend i s  found fo r
the molybdenyl complexes, as  was noted in  the  i n t r o d u c t i o n  of t h i s
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d i s s e r t a t i o n  while  d i s c u s s in g  the work of McClung e_t a l .  I t  i s  
apparen t  t h a t  the l o c a t i o n  o f  the d z 2  < ^ 2  y 2  t r a n s i t i o n  a t  
f requenc ies  a s  low a s  18 or 19 kK might be g iven  some credance by 
v a r io u s  workers  and so the v a l i d i t y  of  such an assignment must be 
cons idered .
One approach i s  to  t e n a t i v e l y  p lace  the t r a n s i t i o n  a t  about 
20 kK and t e s t  the h y p o th e s i s  by d e te rm in ing  va lues  f o r  Dq, Ds, 
and Dt from th e  equa t ions  of  Wentworth and Piper"*. Suppose the 
fo l lowing assignments  are  made fo r  the  complex [(C 2 H,.)^N][MoOC,£2 (BF2 A) ] :
d ,d «- d o o 13.8  kKx z’ yz x^-y^
d d 2  2 19.2  kKxy "xr- y^
d o  «- d o o 20.5 kKzz x^-y^
3. Bal lhausen ,  C . J . ,  and Gray,H.B. ,  Inorg .  Chem.. 1 ,111 (1962),
4. Gray,H.B. ,  and Hare ,C .R . ,  Ino rg .  Chem.. _1, 363 (1962).
5. Wentworth,R.A.D., and P i p e r , T . S . ,  J .  Chem. P h y s . , 41,
3884 (1964).
6 . S e l b i n , J . , M au s , J . , and Johnson ,D . , J . I n o r g .  Nucl.  Chem.,
i n  p r e s s .
7. McClung,D.A., D a l to n ,L .R . , and Brubaker ,C .H . , J r . ,
Ino rg .  Chem.. _5, 1985 (1966).
88
The en e rg ie s  of these  t r a n s i t i o n s  are  given in  terms o f  the c o n s ta n ts  
Dq, Ds and Dt in  the  fo l lowing  way:
and Dt = +1 .4  kK0  The arguments expounded by Wentworth and P iper
f o r  the a c e n t r i c ,  t e t r a g o n a l  case (see  i n t r o d u c t i o n  pg. 1 2 ) should
s t i l l  be a p p l i c a b l e  i f  i t  i s  p o s s ib l e  to  assume t h a t  the l igand
f i e l d  ex e r ted  by the p la n a r  ch loro  groups i s  not  much d i f f e r e n t
from the f i e l d  r e s u l t i n g  from the oxygens of the c h e l a t e .  The
f a i l u r e  to  d i sco v e r  s i g n i f i c a n t  s e p a ra t i o n  o f  the d and the  d° xz yz
le v e l s  and the  f a c t  t h a t  the g v a lu e s  ob ta ined  by e l e c t r o nav J
paramagnetic  resonance measurements a re  v e ry  s im i l a r  to  those
2_
rep o r ted  f o r  [MoOC^^] seems to  s u s t a i n  t h i s  su p p o s i t io n  as  be ing 
a v a l i d  f i r s t  approximation .  W ith in  the l i m i t s  of t h i s  approximation 
th e  conc lus ion  of Wentworth and P ipe r^  i s  i n e sc a p a b le :  Ds and Dt
must both  be n ega t ive  q u a n t i t i e s . I t  might be argued t h a t  the 
s i m p l i f i c a t i o n  in t roduced  h e re ,  i n  combinat ion w i th  the g e n e r a l ly  
d i s p u ta b l e  n a tu re  of  the  premises  b a s ic  to  C r y s ta l  F ie ld  Theory, 
make the r e l i a b i l i t y  of  the  conc lus ion  only  p r o v i s i o n a l ,  bu t  the 
d i s p a r i t y  between p r e d i c t i o n  and o b s e rv a t io n  i s  so g rea t  t h a t  the 
theo ry  appears  s u f f i c i e n t l y  conc lus ive  to  e l im in a te  the p o s s i b i l i t y  
o f  a s s ig n in g  the d ^  *- ^x 2 y2 t r a n s i t i o n  in  the  20kK reg ion  of the
lODq - 4Ds - 5Dt
lODq
3Ds + 5Dt
Simple a l g e b r a i c  s o lu t i o n  y i e l d s  Dq = 19.2  kK, Ds = - 2 . 2  kK
spectrum.
89
The use of Ds and Dt v a lu e s  as  a t e s t  fo r  a s e t  of
assignments  i s  ve ry  u s e f u l ,  but  t h i s  i s  not as  s a t i s f a c t o r y  as
a method which might a l low the p r e d i c t i o n  of  the  f req u e n c ie s  to
be expected fo r  one or more bands . In  an e f f o r t  to  accomplish  t h i s
end the  C ry s ta l  F ie ld  approach to  l igand  f i e l d  t r a n s i t i o n s  was
examined w i th  some care  fo r  the  case of  the a c e n t r i c ,  t e t r a g o n a l
2-
f i e l d  (presumably the  symmetry of  the  [MoOC^^] ion)  and the 
r e s u l t s  a r e  der ived  in  Appendix I .  As i s  demonstrated  in  t h i s  
t re a tm e n t  the  e n e rg ie s  of the d l e v e l s  may be d e l in e a t e d  in  terms 
of  e i t h e r  of  two d i f f e r e n t  s e t s  of  c o n s ta n t s :  Dq, Ds and Dt or
< * 2  and <2 4 /  D i r e c t  c a l c u l a t i o n  of  any of  these  parameters  has 
proven h ig h ly  i n a c c u r a t e ,  but  the idea  p resen ted  i t s e l f  t h a t  i f  
the r e l a t i o n s h i p  among the  v a r io u s  l e v e l s  might be g r a p h i c a l l y  
r e p r e s e n te d ,  and i f  c e r t a i n  v a lu e s  ob ta ined  d i r e c t l y  from 
exper iment might be a p p l ied  to  t h i s  g r a p h ic a l  p r e s e n t a t i o n ,  the 
p o s s i b i l i t y  e x i s t s  t h a t  p l a u s i b l e ,  numerical  p r e d i c t i o n s  might be 
forthcoming fo r  a t  l e a s t  one of  the  l igand  f i e l d  t r a n s i t i o n s .  Such 
a m an ipu la t ion  i s  b e s t  p r e d ic a te d  upon the en e rg ie s  s t a t e d  in  terms 
of  the a lpha  c o n s ta n t s .  To s im p l i fy  these  energy exp ress ions  to 
the  s t a t e  where only two v a r i a b l e s  a re  n eces sa ry  the  fo l lowing  
assumptions a re  made:
a .  Var ious r a t i o s  between a^ and a^ a r e  p resen ted  in  
the  l i t e r a t u r e ,  but  a l l  of the  v a lu e s  suggested a r e  between 
© 2  = a^ and = 3o^. Graphs were co n s t ru c ted  based on both of
these  extremes and the  graph r e s u l t i n g  when = 3o^ i s  shown h e re ,
s ince  i t  p laces  d £ a t  a lower energy.  That i s ,  i t  i s  more fa v o ra b le
to  the  assignment which i s  i n  content ion.,
bo The f i e l d  exe r ted  by the l ig an d s  i n  th e  e q u a t o r i a l  
p lan e ,  as  i n d i c a t e d  by ar*^, i s  s e t  a t  a co n s tan t  v a lu e ,  e q u iv a le n t  
to  t h a t  o f  the a c t u a l  complex.
Co The a x i a l  ch lo ro  l igand  i s  assumed to  e x e r t  a f i e l d
XV 2 ”equal  to  t h a t  of the  e q u a t o r i a l  l ig an d s  ( i . e . ,  a^ ) o
do The e f f e c t  of  v a ry in g  the f i e l d  of the remaining
a x i a l  group ( the  oxo group) can now be measured by a l low ing  the
r a t i o  to  va ry  .from zero  t o  t h r e e .
The assumptions  d esc r ib ed  above produce a g r a p h ic a l
p i c t u r e  of the  energy l e v e l  changes r e s u l t a n t  from ho ld ing  the
l igand  f i e l d  i n t e n s i t y  of  the  ch lo ro  groups co n s ta n t  fo r  the  ion 
2_
[MoOCj&^ l and a l lowing  the oxo group to  approach along the Z a x i s
from an i n f i n i t e  d i s t a n c e  to  a p o s i t i o n  a t  which i t  produces  a
v e ry  i n t e n s e  f i e l d .
The equa t ions  d e s c r i b i n g  the  e n e rg ie s  of  the metal  d
o r b i t a l s  i n  terms of the  c o n s ta n t s  ct?^ and a r e :4 4
E(dxy) = 3/21 -  17/21 c?+
E(dxz>dyz) = "19/21 a7 + 5/21 aX
E <dx 2 - y 2> = W 21 “ 4 y  -  1 ? / 21 “ 4+
E(d , )  = -3 /21  a:y + 24/21 o '*  z 4 4
The graph shown in  F igure  11 i s  the  r e s u l t  o f  t h i s  approach.  I t
must be emphasized t h a t ,  a l though  the method employed has been
d esc r ib ed  in  terms of a s p e c i f i c  complex an ion ,  the r e s u l t s  a re
gen e ra l  and may be app l ied  to  any o th e r  system of t h i s  same symmetry
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F ig u re  11.  Gi 'aphical  R epresen ta t ion  o f  the E f f e c t  o f  
th e  F i e l d  I n t e n s i t y  o f  an Axia l  Ligand Upon t h e  Energies  
o f  th e  t f a ta l  d O r b i t a l s .  An Acentr ic  Te trag o n a l  
Arrangement i s  assumed. The Dashed L ine  In d ic a te s  t h e  
P o s i t i o n  o f  t h e  [licOCl^] 'i '" an ion on t h e  Graph. For  
t h i s  Compound has a Value o f  13.5 RK.
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which i s  c h a r a c t e r i z e d  by a s in g l e  in ten se  l igand  group which may 
be presumed to  a c t  as  the source of  the predominant  coulombic 
f i e l d .  By a p p ro p r ia t e  m o d i f i c a t io n s  s im i l a r  r e p r e s e n t a t i o n s  may 
be ob ta ined  which may be u t i l i z e d  fo r  the i n t e r p r e t a t i o n  o f  o th e r  
symmetries,  such as  The energy a x i s  i s  measured i n  terms of
the  parameter  o ^ ,  which i s  p r o p o r t io n a l  to  Dq.
Dq = 1/6
Using the  observed v a lue  of  Dq f o r  a compound and choosing a p o in t
on the  graph where the r a t i o  of t h e  frequency o f  the  d ,d ♦- db ^ J xz* yz xy
to  the d o  o «- d t r a n s i t i o n  i s  c o r r e c t l y  r e p re s e n te d  the va luex^-y^  xy ■
of  the  r a t i o  of  oiZ.+ / or? and the  f requency fo r  th e  d 9  «- d t r a n s i t i o n4 4- . z^ xy
2_
a re  o b ta in ed .  For the complex [MoOC^] the r a t i o  i s  2 . 0  and the
p r e d ic te d  f requency of the  t r a n s i t i o n  dz 2  «- d i s  50 kK.
Before us ing  th e s e  r e s u l t s  one must r e c o n s i d e r  the method 
and dec ide  i f  i t  i s  s u f f i c i e n t l y  v a l i d  to p rov ide  a t ru s tw o r th y  
e s t im a te  of  the p o s i t i o n  of the a b so rp t io n  peak in  q u e s t io n .
P a r t i c u l a r  note must be taken  of  two of the  assumptions  requ i red  
in  the  p r e p a ra t i o n  of the graph.  F i r s t ,  the  a x i a l  ch loro  group 
has  been t r e a t e d  as  a source of e l e c t r i c a l  r e p u l s i o n  e q u iv a len t  t o  
th e  e q u a t o r i a l  l ig a n d s .  I n  f a c t ,  the presence o f  the s t ro n g ly  
bonding oxo group t r a n s  t o  the ch lo ro  group should i n c r e a se  the 
m e ta l -ha logen  d i s t a n c e  compared to  t h a t  found f o r  the  e q u a t o r i a l  
ha logens ,  d ec reas in g  the l igand f i e l d  s t r e n g t h  of  the  former 
group. This  would, in  t u r n ,  cause a lowering o f  the energy of  the
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dz 2 l ev e l .  On the o th e r  hand, the  r e l a t i o n s h i p  between and 
0 ? ,^ which se rves  as  a b a s i s  fo r  the  diagram, i s  chosen to give 
a minimum v a lue  f o r  the  energy of  the  d 2  l e v e l .  I t  i s  intended
Z “
t h a t  th e se  two e f f e c t s  should cancel  each o th e r  out  and i t  i s
p robable  t h a t  i f  an e r r o r  r e s u l t s ,  i t  i s  one of  underes t im a t ing  the
energy of the l e v e l  r a t h e r  than overes t in ia t ion„
The f a l l a c y  i n h e r e n t  i n  the C ry s ta l  F ie ld  Theory i t s e l f
i s  more d i f f i c u l t  to  a s s e s s .  The f a i l u r e  of t h i s  theo ry  to  provide
any avenue f o r  the i n t r o d u c t i o n  of cova len t  bonding i s  commonly
o f fe red  as  one of i t s  p r i n c i p l e  shortcomings,  but  the  r a m i f i c a t i o n s
of  t h i s  o v e r s ig h t  in  the  case of the 6^2 a re  d i f f i c u l t  to  a s c e r t a i n .
As has been in d i c a t e d  p rev io u s ly  the sigma bonding between the metal
and the  oxo group i s  predominantly  by means of  the molecula r  o r b i t a l
which has the  d 2  meta l  o r b i t a l  as  an importan t  component. S im i la r ly ,
a molecular  o r b i t a l  composed p a r t i a l l y  of  the d and d metalJ xz yz
o r b i t a l s  i s  the  p r i n c i p l e  source of  p i  bonding between two groups.
P i  bonding to  any of  the  o th e r  l ig an d s  i s  considered to  be r e l a t i v e l y
unimportant  from the  v iewpoint  o f  i t s  e f f e c t  on the m eta l .  This
leads  one to  b e l i e v e  t h a t  the  major r e s u l t  of  covalency in  th e
compound under d i s c u s s io n  w i l l  be to  change the  energy o f  the
d and d o r b i t a l s .  The sigma bonding in  which the d i s  involved xz yz z*-
should prec lude  any im portan t  p i  bonding. On the b a s i s  of t h i s  
r eason ing  the  C r y s ta l  F ie ld  Theory should provide a reasonab ly  
c o r r e c t  d e s c r i p t i o n  of  t h i s  o r b i t a l ,  a t  l e a s t  as  f a r  as  may be 
determined by the  use of  ve ry  q u a l i t a t i v e  arguments.
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The conclus ion  reached from the r a t h e r  leng thy  d ig re s s io n
above i s  t h a t  the  d ^  metal o r b i t a l  l i e s  a t  comparat ively  high
2 -energy in  the  ion [MoOCi^] as  f a r  as  can be determined by
elementary  C ry s ta l  F ie ld  ca lcu la t io n s , ,  A number of  l i m i t a t i o n s
must be noted in  th e  approach used,  but an e v a lu a t io n  of these
approximations ,  on the b a s i s  of q u a l i t a t i v e  arguments leads  one to
b e l i e v e  t h a t  the  d ^  dXy a b o s rp t io n  should be found a t  high
f re q u e n c ie s ,  perhaps as high as  50 kK. The s i m i l a r i t y  between
2 “the observed spectrum of the [MoOCA,.] ion  and the  complexes of  the
t y p e  [M o OCjP ^L] (w h e r e  L  i s  a (3 - d ik e t o n e  a n io n )  s u g g e s ts  t h a t  t h e
analogous t r a n s i t i o n ,  d ^  •- dx 2  y£> *-n t *ie l a t t e r  complexes w i l l
a l s o  l i e  a t  v e ry  h igh  f re q u e n c ie s ,  probably  covered by the p ro fu s io n
of i n t e n s e  bands found a t  en e rg ie s  g r e a t e r  than 2 0  kK.
The preceding  arguments render  u n l ik e ly ,  i f  no t  u n tenab le ,
any assignments  of  the  bands a t  18 to  20 kK which a s c r i b e s  them to
i n t r a l i g a n d  s i n g l e t - t r i p l e t  or d 2  d 2 2 and g ives  support  toz x **y
the  t h i r d  p o s s i b i l i t y  o f f e r e d ,  namely, t h a t  the bands i n  t h i s
*
reg io n  r e p re s e n t  only the d «- dx 2 _y 2  t r a n s i t i o n ,  s p l i t  i n t o  
s e v e ra l  components by v i b ro n ic  i n t e r a c t i o n .  The s p l i t t i n g  between 
the  bands,  in c lu d in g  the a b so rp t io n  observed only in  the mulls  a t  
l i q u i d  n i t r o g e n  tem pera tu re s ,  i s  between 1 . 2  and 1 . 6  in  every 
case except  [(CgH^^NXMoOCj^CDBM) ] ,  where a very i n d i s t i n c t ,  band 
a t  20.0 kK i s  sepa ra ted  by only 0 .8  kK from the band a t  19.2 and 
[(C 2 H5 )^N][Mo0 Br 3 (DBM) ] ,  which has only two bands i n  t h i s  reg ion  
i n s t e a d  of t h r e e ,  the s e p a ra t io n  be ing 1 .8  kK. The in f r a r e d  spectrum
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of the  compounds (see  pg.36) inc ludes  a number of  i n t e n se  a b so rp t io n s  
in  the  reg ion  1,400 to  1,600 cm * (1 .4  to  1.6 kK) which might 
e x p la in  a s p l i t t i n g  of t h i s  magnitude.
I f  the ex p la n a t io n  of the s e t  of  th re e  bands presented  
above i s  c o r r e c t  the s e p a ra t io n  between the f i r s t  and second bands 
(coun t ing  from the  h igher  frequency s ide )  should be g r e a t e r  than 
the  d i f f e r e n c e  between the second and t h i r d  bands. Observed 
s p l i t t i n g s  do not agree w i th  t h i s  p r e d i c t i o n  as w e l l  as might be 
hoped, but  the v a r i a t i o n  i s  w i th in  the  l i m i t s  of e r r o r  of  the 
measurements.
The b e s t  p o s s ib le  e x p lan a t io n  concerning the  bands found
below 21 kK in  the  new oxoinolybdenum(V) complexes has been deduced
to  .be the assignment of a l l  of  the prominant bands as  d ,d •- d o o & r  xz yz x*~yz
o r  the d <- d o o t r a n s i t i o n s .  This i s  c o n s i s t e n t  w i th  the xy x^-y^
p r e d i c t i o n s  of  Gray and Hare.
A b r i e f  pause i s  necessa ry  a t  t h i s  po in t  to  r e c o n s id e r
the  assumption t h a t  the p -d ike tone  c h e l a t e  i s  bonded to  the metal
so t h a t  both p o in t s  of a t tachment  a re  in  the e q u a t o r i a l  p lane.
Using t h i s  model the symmetry of  the complexes i s  C fo r  symmetricals
p -d ik e to n e s  and i f  the  p -d ike tone  i s  not symmetric.  Placement
of one of  the c h e la t e  oxygens t r a n s  to  the  oxo group would have
produced complexes of  the same symmetry, C , r e g a r d l e s s  of the  types
of  p -d ike tone  used. Commonly used symmetry arguments,  such as
8a r e  desc r ibed  in  C o t to n ' s  e x c e p t io n a l ly  u s e fu l  book on group theo ry  ,
8 . C o t to n ,F .A . ,  "Chemical A p p l ic a t io n s  of Group Theory", 
I n t e r s c i e n c e  P u b l i s h e r s ,  1963, p 229.
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prove t h a t  a l l  e l e c t r o n i c  t r a n s i t i o n s  are  allowed in  any p o l a r i z a t i o n
i f  the symmetry i s  Ch , but  in  C symmetry t r a n s i t i o n s  a re  allowedX s
i n  e i t h e r  the z o r i e n t a t i o n  or  the  x and y o r i e n t a t i o n .  The 
i n t e n s i t i e s  a re  expected to be lower in  the l a t t e r  case because the 
t r a n s i t i o n s  are  not  completely al lowed.  Comparison of the  sp ec t ra  
of the four  compounds of the type [MoOC-I^CR^COCHCORp ] ' w i l l  show 
t h a t  i f  presumably e q u iv a len t  bands a re  compared the i n t e n s i t y  i s  
always g r e a t e r  when i s  d i f f e r e n t  from R£ than when they  a re  the 
same. This  f a c t  i s  the b a s i s  fo r  presuming t h a t  the c h e l a t i o n  occurs 
only  in  the plane o f  the molecule.
Bo Assignment of the  "Moderate" Bands
The group of two or th re e  bands observed in the reg ion  21
to  26 kK has  p rev io u s ly  been des igna ted  as  "moderate bands" because
they  a re  found to have i n t e n s i t i e s  in te rm ed ia te  between the  weakest
and s t r o n g e s t  bands in  the spectrum. The absence of any abso rp t ion
bands in  t h i s  reg ion  of the spectrum fo r  the f r e e  l igands  in d i c a t e s
t h a t  these  a r e  not i n t r a l i g a n d  t r a n s i t i o n s .  I t  i s  h igh ly  probable
t h a t  these  ab so rp t io n s  are  charge t r a n s f e r  t r a n s i t i o n s  from the
l igand  to the meta l .  These a r i s e  when one of the e l e c t r o n s  in  a
f i l l e d  molecular  o r b i t a l  i s  ex c i ted  to one of the o r b i t a l s  c o n s i s t in g
p r im a r i ly  of  a metal  d l e v e l .  The p o s s i b i l i t y  a l s o  e x i s t s  t h a t
the  o r i g i n  might be metal  to  l ig an d ,  but the o bse rva t ions  of
9
M itc h e l l  and Williams on the s p e c t ra  of a v a r i e t y  of molybdenum(V)
9. M i tch e l l ,  P .C .H.,  and Will iams,  R . J . P . ,  J .  Chem. S o c . , 
4570 (1962).
complexes led them to  conclude th a t  only  the  ligand to  metal
t r a n s i t i o n  was i n t e n s e  enough to be r e a d i l y  d e te c te d .
Three d i f f e r e n t  p roposa ls  have been made concerning the
f i l l e d  molecular  o r b i t a l  having the h i g h e s t  energy in  oxomolybdenum(V)
complexes: Gray and H a r e ^  suggested a p i  l e v e l  a s s o c i a t e d  w i th  the
oxo group was h ig h e s t  in energy,  Kon and S h a r p l e s s ^  proposed a
sigma le v e l  a s s o c i a t e d  w i th  the bonding of the p lan a r  l ig a n d s ,  and 
12Allen  ej: a l .  p laced  a p i  chloro l e v e l  as  the h ig h e s t  f i l l e d  
molecular  o r b i t a l .  The m e r i t s  of some of these  models has  a l r e ad y  
been d iscussed  in  the l i t e r a t u r e  (as r ep o r ted  in  the  i n t r o d u c t i o n ) ,  
and these  f ind ings  must be b r i e f l y  reviewed below in  a d d i t i o n  to 
i n v e s t i g a t i n g  new arguments,  which might c a s t  f u r t h e r  l i g h t  on the 
problem.
1 2  13Allen  e_t a l .  and Horner and Tyree have presen ted
v e ry  cogent c r i t i c i s m s  of the placement of the p i  oxo l e v e l s
above a l l  of the o t h e r  f i l l e d  molecular  o r b i t a l s .  The blue s h i f t s
2 -of  the  charge t r a n s f e r  bands of the [WOCA,.] anion and the  red
2_
s h i f t  of  the charge t r a n s f e r  bands of [MoOBr^] , both  r e l a t i v e  to
2 -the  a b so rp t io n s  observed fo r  [MoOCJj,.] , a r e  impossible  to  ex p la in  
u s ing  the Gray and Hare scheme. On the  b a s i s  of these  arguments
•10. Gray, H.B.,  and Hare, C .R . , Inorg .  Chem., JL, 363 (1962)
11. Kon, Ho, and S harp le ss ,  N .E . ,  Phys. Chem.. 70, 105
(1966).
12. A l l e n ,  E .S . ,  Birsdon,  B . J . ,  Edwards, D.A.,  Fowles,G.W.A 
and W il l iams,  R.G.,  J .  Chem. S o c . , 4649 (1963).
13. Horner,  S.M., and Tyree,  S .Y . ,  J r . ,  Inorg .  Nucl.  Chem. 
L e t t e r s , JL, 43 (1965).
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the Gray and Hare model i s  judged to be the l e a s t  s a t i s f a c t o r y
w i th  regard  to  the placement of the f i l l e d  molecular  o r b i t a l s .
I t  i s  more d i f f i c u l t  to form an e s t im a te  of the v a l i d i t y
of  the  Kon and S h a r p l e s s ^  p roposa l .  As has been pointed out
e a r l i e r  th e re  i s  no commentary on t h e i r  work a v a i l a b l e  in the
l i t e r a t u r e .  Their  sugges t ion  i s  a t t r a c t i v e  because i t  not only
12s a t i s f i e s  the  o b je c t io n s  put f o r t h  by Allen  e_t a l .  , but a l s o
prov ides  an easy ex p lan a t io n  of  the comparat ively  low i n t e n s i t y
of  the  f i r s t  charge t r a n s f e r  band in  the sp e c t r a  of complexes such 
2~  2 -as  [M o OCj&5 ]  and [MoOBr^] . The t r a n s i t i o n  i s  forb idden on the
b a s i s  of symmetry arguments and so would be expected to  have low
14i n t e n s i t y .  Also,  Cotton and co-workers have r e c e n t l y  performed 
extended l luckel- type MO c a l c u l a t i o n s  on b i s ( g - k e t o e n e l a t e )  complexes 
of co p p e r ( I I )  and found sigma l igand  o r b i t a l s  which l i e  above the 
p i  o r b i t a l s .  The d i f f e r e n c e  between the co p p e r ( I I )  system and the 
oxomolybdenum(V) system i s  so g r e a t  t h a t  i t  i s  apparent  t h a t  no 
grounds e x i s t  fo r  d i r e c t  comparison, but  the r e s u l t s  do suggest  the 
p o s s i b i l i t y  tha t  the  usua l  presumption th a t  p i  l igand  l e v e l s  w i l l  
l i e  above sigma l igand  l e v e l s  should be exe rc ised  w i th  co n s id e rab le  
c a r e .  I t  i s  u n fo r tu n a te  t h a t  the  i s sue  i s  f u r t h e r  confused in  the 
case of  C o t to n ' s  work by the f a i l u r e  to  observe any i n d i c a t i o n  of 
one of  the two t r a n s i t i o n s  p red ic te d  to  o r ig i n a t e  from th ese  sigma 
o r b i t a l s .
The p re sen t  au thor  has encountered a number of q ues t ions
14. Cotton,  F .A . ,  H a r r i s ,  C.B. ,  and Wise, J . J . ,  Inorg.  
Chem.. J5 (1967).
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w i th  regard  to  the Kon and S h a r p l e s s ^  p r o p o s i t i o n  which he has  been 
unable to  answer s a t i s f a c t o r i l y , ,  The problems which they r e p re s e n t  
a re  most p e rp lex ing  and p re sen t  a co n s id e rab le  stumbling b lock  to 
the  complete acceptance o f  the Kon and S harp less  Theory.
These workers argue t h a t  the sigma l e v e l s  are  a t  h igh
energy in  the  oxomolybdenum(V) complexes because of  the e f f e c t  of
the  s t r o n g ly  bonding oxo group. Yet they f ind  no evidence of  t h i s
2-|.
e f f e c t  in the complex VOO^O) . I t  would seem t h a t  the  d o r b i t a l s  
of vanadium(IV) should over lap  b e t t e r  w i th  the oxygen o r b i t a l s  
because they  are  sm al le r  than  the molybdenum o r i b t a l s .  Also the 
aquo groups may not be capable  of bonding as  s trong as  t h a t  of 
the ch loro  groups. On t h i s . b a s i s  the sigma o r b i t a l s  should more 
l i k e l y  be found a t  h igh  energy v a lu e s  in  the  vanadyl  complex, 
c o n t r a ry  to  the apparent  o b s e rv a t io n s .
Kon and S h a r p l e s s ^  a l s o  s t a t e  t h a t  the  r e p o r t s  of  a 
number of compounds (such as  those desc r ibed  in  t h i s  d i s s e r t a t i o n )  
formed by the  replacement of the ch loro  groups of [MoOC^]^ w i th  
v a r io u s  l igands  i s  i n d i c a t i v e  of  the weakness of  the meta l-ha logen 
bonds. As has  been po in ted  out by many au th o r s  the r e s u l t s  of 
s u b s t i t u t i o n  or  exchange r e a c t i o n s  are  a measure of  the k i n e t i c  
s t a b i l i t y  o f  bonds and f r e q u e n t ly  give an erronous  p i c tu re  of  bond 
s t r e n g t h . . Thermodynamic s t a b i l i t y  i s  the p ro p e r ty  which must be 
considered to  eva lua te  the energy of the bonds. I n f r a re d  o b se rv a t io n s  
are  a much b e t t e r  m easu re 'o f  bond s t r e n g th  than sup p o s i t io n s  based 
on r e a c t i o n  p roduc ts .
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The i n f r a r e d  f req u en c ie s  of the  m eta l -ha logen  bonds in
2- 2~ 13athe anions  [MoOC^] and [MoOBr,.] have a l r e a d y  been determined
and found to  be very  s im i l a r  to the v a lu e s  r ep o r ted  f o r  o the r  metal
complexes. Far  i n f r a r e d  s tu d i e s  of  the new complexes r ep o r ted
h e r e in  i n d i c a t e  s l i g h t l y  h igher  s t r e t c h i n g  f re q u e n c ie s  fo r  the
m eta l -ha logen  bonds than  in  the pen taha lo  sp ec ie s  and v a lu e s  f o r
the m e ta l -oxygcn(che la te )  s t r e t c h  h igher  than  any r e p o r ted  by
g
Nakamoto . The in f r a r e d  r e s u l t s  would seem to i n d i c a t e  the bonds 
a re  as  s t ro n g  or s t r o n g e r  in  the oxoinolybdenum complexes than in  
b th e r  sp e c ie s  where no oxo group i s  p r e s e n t .
A f i n a l  problem a r i s e s  from the requirement  t h a t  the 
m e ta l -ha logen  bonds in  the plane become weakened by the  oxo group 
t o  a g r e a t e r  e x te n t  than  the  a x i a l  ha lo  group. Normally i t  i s  
the  group t r a n s  to  an i n t e n s e l y  bonding group which i s  a f f e c t e d  
in  t h i s  way.
I f  p i  o r b i t a l s  from the e q u a t o r i a l  l ig an d s  and the a x i a l
h a lo  group a re  h ig h es t  in  energy, a l l  of the problems examined above
a re  avoided and the only o b s ta c le  i s  the lack  of  a s a t i s f a c t o r y
e x p la n a t io n  fo r  the low i n t e n s i t y  of the ligand to  metal  t r a n s i t i o n
in  the  pentahloxomolybdenum(V) io n s .  Acceptance of t h i s  idea i s
e s p e c i a l l y  welcome s ince  the s i m i l a r i t y  between the  s p e c t r a  of ha lo
and oxohalo complexes of v a r io u s  metal  io n s ,  as  noted by Horner and 
14Tyree , i s  not  c o n s i s t e n t  w i th  the Kon and Sharp less  p ro p o sa l .
13a. S aba t ine ,  A. ,  and B e r t i n i ,  I . ,  Inorg .  Chem.. 5, 
204 (1966).
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The b e s t  conclus ion  which can be reached on the  b a s i s  of 
the a v a i l a b l e  evidence i s  t h a t  the l ig a n d - to -m e ta l  t r a n s i t i o n s  
observed in  the oxopentahalomolybdate(V) complexes as  w e l l  as  the 
new compounds which a re  the su b je c t  of  t h i s  d i s s e r t a t i o n  c o n s i s t  
p r im a r i l y  of the e x c i t a t i o n  of an e l ec t ron  from a p i  o r b i t a l  a s so c ia t e d  
w i th  l igands  o the r  than the oxo group to  a molecu lar  o r b i t a l  which 
has as i t s  predominant component the meta l  d^ 2  ^ 2  o r  ^Xy o r b i t a l  
(depending on whether the symmetry i s  Cg or  ) .  Such a conclus ion  
must be accepted as be ing only t e n t a t i v e  u n t i l  enough in fo rm a t ion  
concerning the 4d o r b i t a l s  i s  a v a i l a b l e  to  al low an a p p ro p r i a t e  
c a l c u l a t i o n  which w i l l  c a s t  more l i g h t  on the problem.
C. C ons t ruc t ion  of an  Empir ica l  O r b i t a l  Diagram
The s i t u a t i o n  has by t h i s  p o in t  become s u f f i c i e n t l y  complex 
to  r e q u i r e  the  c o n s t r u c t io n  of a molecular  o r b i t a l  diagram. The 
order  of the molecular  o r b i t a l s  which are  p r i n c i p a l l y  composed of 
metal  d o r b i t a l s  has been e s t a b l i s h e d  and i t  has been decided th a t  
only  p i  l igand o r b i t a l s  a r e  important  in  the i n t e r p r e t a t i o n  of  the 
e l e c t r o n i c  s p e c t r a .  The {3-diketone p i  system i s  u s u a l ly  r ep re sen ted  
as  f iv e  molecular  o r b i t a l s ,  the f i r s t  th re e  of  which are  f i l l e d ,  
bonding l e v e l s  and the o th e r  two empty an t ibond ing  l e v e l s .  These 
energy l e v e l s  w i l l  be des igna ted  by the greek l e t t e r  p i ,  followed 
by an a p p ro p r i a t e  numerical  s u b s c r i p t ,  i . e . ,  the lowest  energy 
o r b i t a l  i s  tt^ . Chlor ine  p i  l e v e l s  a re  a l s o  p o s s ib l e  in  the  diagram 
and w i l l  be in d ic a te d  as rr(CjJ) where r e q u i r e d .  The pi oxo l e v e l s
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are  s u re ly  r equ i red  and w i l l  be des igna ted  as n(oxo) „ To organize  a l l  
of these  l e v e l s  i n to  a diagram i t  i s  e s s e n t i a l  to  a s s ig n  r e l a t i v e  
energy v a lu e s .  The only means a t  hand to  accomplish t h i s  are  
q u a l i t a t i v e  arguments based on genera l  chemical and s p e c t r a l  
in fo rm at ion .  I t  i s  a l s o  n ecessa ry  to  examine the e x t e n t  of p i  
bonding between the  metal  and the  v a r io u s  l ig an d s  and e s t im a te  the 
e f f e c t  of any such over lap  on the molecular  o r b i t a l s .
The h a l f - f i l l e d  d^2_y2 metal o r b i t a l  must l i e  above any 
of  the f i l l e d  l igand  p i  o r b i t a l s  or e l s e  an e l e c t r o n  w i l l  tend to 
be t r a n s f e r e d  to  the  metal  ion ,  reducing  i t .  I f  the lowest d 
l e v e l ,  d^ 2 _y 2 ’ h igher  in  energy than the lowest empty l igand pi  
o r b i t a l ,  which i s  tt^, the tendency w i l l  be fo r  the metal e l e c t r o n  
to  s h i f t  onto the l ig an d ,  o x id iz in g  the m eta l .  The f a i l u r e  of 
e i t h e r  of these  p o t e n t i a l i t i e s  to  m a t e r i a l i z e  i s  good evidence 
t h a t  the d^ 2 _y 2  o rb i t a l  l i e s  between the  empty and f i l l e d  l igand 
o r b i t a l s .
The f a c t  t h a t  bands which might be ass igned  as  l i g a n d - to -
meta l  t r a n s i t i o n s  a re  d iscovered  a t  lower f req u e n c ie s  in  the p re sen t
2 -compounds than  in  [MoOC^] i s  most r e a d i l y  exp la ined  by p lac in g
the  tt^  l e v e l  of  the p -d ike tone  above the p i  ch lo ro  l e v e l .  On the
13b a s i s  of the arguments propounded by Horner and Tyree i t  i s  
most reasonab le  to p lace  the p i  oxo o r b i t a l  a t  very low energy.
I t  has been seen so f a r  t h a t  q u a l i t a t i v e  arguments a re  
s u i t a b l e  f o r  a r ran g in g  most of the molecular  o r b i t a l s  considered to  
be important  i n t o  an a r r a y  based upon the energy of the  l e v e l s .
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The most d i f f i c u l t  problem s t i l l  remains: "Does the l igand
o r b i t a l  have energy g r e a t e r  or l e s s  than  t h a t  of  the d^z and d 
l e v e l s ? " ,
A p o s s ib le  c lue to the s o lu t i o n  of the  problem has been 
found in  the work r e p o r te d  by Barnum^.  He s tud ied  the s p e c t ra  of 
a c e ty l a c e to n a to  complexes of many d i f f e r e n t  t r i v a l e n t  metal  ions 
from the f i r s t  row of the p e r io d ic  t a b l e ,  e s p e c i a l l y  w i th  regard  
to  the frequency of the a b s o rp t io n  in  the complex which appeared to  
be the  tt^  <— rr  ^ t r a n s i t i o n  of the  l igand .  Barnum m ain ta ins  t h a t  
only  rt-bonding i s  important  in  de te rm in ing  the s h i f t  of «- tt^  
f o r  the systems he i n v e s t i g a t e d .
S h i f t s  in  t h i s  band r e l a t i v e  to the va lue  in  the f r e e
l igand had p re v io u s ly  been s tud ied  by a number of r e se a rc h  groups
w i th o u t  the d iscove ry  of  any s in g l e  f a c t o r  which i s  predominant in
the  d e te rm in a t io n  of the d i r e c t i o n  of  the frequency s h i f t .  Holm
and C o t t o n ^  make the general  s ta tement  t h a t  "X of the main°  max
a b s o rp t io n  band i s  a s e n s i t i v e  fu n c t io n  of  a number of param eters ,  
the most important  being probably c a t io n  charge,  c a t io n  s i z e ,  and 
i t s  d i s t o r t i o n  e f f e c t  on the r i n g  rr-system, and the rr-bonding 
a b i l i t y  of the meta l ion" .  However, they a t tempted to  organize  
o b se rv a t io n s  invo lv ing  such a wide v a r i e t y  of metal ions  t h a t  t h e i r  
f a i l u r e  does not exclude the e x i s t e n c e  of  some v a l i d  c o r r e l a t i o n  i f  
a l e s s  d iv e r se  s e r i e s  of compounds i s  chosen.
15. Barnum, D.W., J .  Inorg , .  Nu c l .  Chem.. 21. 221 (1961); 
and i b i d ,  22, 183 (1961). '
16. Holm, R.H. , and Cotton,  F .A . ,  J .  Am. Chem. S o c . . 80. 
5658 (1958).
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The a p p l i c a t i o n  of  Barnum's approach to  the  system of
i n t e r e s t  h e r e in  i s  made r a t h e r  complicated by the f a c t  t h a t  both
TTg and n* may in te r a c t  w ith the chloro tt o r b i ta ls  to  produce
s e v e ra l  MO's because of the  e f f e c t s  of  p i -bonding  w i th  the  m eta l .
As a f i r s t  approximation i t  i s  p r o f i t a b l e  to  ignore  these  p o s s i b i l i t i e s
and consider  on ly  the e f f e c t  o f  the l igan d  Tt-orbital overlap  w ith
c e r t a i n  o f  the metal  d o r b i t a l s .  Having observed the r e s u l t s  in
t h i s  a d m i t t e d ly  simple case ,  i t  should be e a s i e r  to  understand
the  a p p l i c a t i o n  of the method to  more complicated cases  which may
correspond more c lo s e ly  to  the s i t u a t i o n  a c t u a l l y  encountered .
The r e s u l t s  of p i -bond ing  upon the  f requency of  the tt^
t o  i n t r a l i g a n d  t r a n s i t i o n  a re  dependent  on the energy of  the
d o r b i t a l s  involved in  the  p i -bonding  r e l a t i v e  to  the  empty l igand
l e v e l .  Two g en e ra l  s i t u a t i o n s  a re  conce ivab le ,  as  i s  shown in
F igure  12. The d level(s) may be above ( p o s s i b i l i t y  A) o r  below
( p o s s ib i l i t y  B) the energy of the empty ligand l e v e l ,  tt* .
I t  may be r e a d i l y  seen t h a t  in  the  f i r s t  case both  of  the
l igand  l e v e l s  w i l l  be depressed in  energy by i n t e r a c t i o n  w i th  the
d o r b i t a l s ,  but  s in ce  the e n e rg ie s  of the d^ and tt^  o r b i t a l s  a re
more s im i l a r  than those of  d and n_ the  e f f e c t  w i l l  be l a r g e r  inrr 3 °
the former case .  The r e s u l t  of the i n t e r a c t i o n  i s  t o  r a i s e  the
energy of. the d^ o r b i t a l ( s )  and to dec rease  the energy d i f f e r e n c e
between n., and t4 v.3 4
I f  s im i l a r  lo g ic  i s  app l ied  to  the  case r ep re sen ted  by 
p o s s i b i l i t y  B the r e s u l t  i s  to  in c re a se  the energy d i f f e r e n c e  between
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TTg and ti^ , whi le  the p o s i t i o n  of the d^ o r b i t a l ( s )  i s  changed 
only  s l i g h t l y .
T h e  a b o v e  a r g u m e n t s  m a y  b e  s u m m a r i z e d  a s  f o l l o w s :  T h e
c h a n g e  i n  f r e q u e n c y  o f  t h e  n *  <- tt^  t r a n s i t i o n  o f  a  p - d i k e t o n e  a s  
c o m p a r e d  t o  t h e  f r e q u e n c y  o f  t h a t  s a m e  t r a n s i t i o n  i n  t h e  f r e e  ( o r  
n o n c o m p l e x e d )  l i g a n d  m a y  b e  i n t e r p r e t e d  a s  b e i n g  i n d i c a t i v e  o f  t h e  
r e l a t i v e  e n e r g i e s  o f  d  o r b i t a l s  w h i c h  a r e  r r - b o n d i n g  w i t h  t h e  l i g a n d  
i n  c a s e s  w h e r e  i t  m a y  b e  p r e s u m e d  t h a t  m e t a l - l i g a n d  T r - b o n d i n g  i s  
t h e  p r e d o m i n a n t  c u a s e  o f  t h e  f r e q u e n c y  s h i f t .
I f  the  r e s u l t s  of Barnum1 s^^ approach a re  a p p l i c a b l e  to  
th e  oxomolybdenum(V) system, the  s ta tem ent  used as  the summary can 
be very  u s e fu l  as the  founda t ion  of a t re a tm e n t  which w i l l  de termine 
the  r e l a t i v e  p o s i t i o n s  of the  empty molecular  o r b i t a l s ,  but i f  the 
r e s u l t s  of Holm and Cotton a re  c l o s e r  to a c o r r e c t  assessment of 
the number of  v a r i a b l e s  involved  the s i t u a t i o n  becomes too 
en tangled  fo r  s o lu t i o n  by deduc t ion  from the  a v a i l a b l e  evidence.
The choice l i e s  between an admiss ion of  d e f e a t  and an argument 
which can be consi.dered as t e n t a t i v e l y  a c c e p ta b l e .  The p re fe rence  
of  the au thor  i s  to exp lore  the  avenue lead ing  to  a p o s s ib le  r e s u l t ,  
a t t em p t in g  to  a s c e r t a i n  the v a l i d i t y  of  the model when i t  has been 
comple tely  a r t i c u l a t e d .
To apply a t re a tm e n t  s im i l a r  to  t h a t  of Barnum i t  i s  
n ecessa ry  to  in t ro d u ce  the p o s s i b i l i t y  of removing the degeneracy 
o f  the  l igand  tt o r b i t a l s  and to  a s s ig n  the i n t r a l i g a n d  t r a n s i t i o n ( s ) . 
Accomplishment of these  goa ls  i s  r eq u i red  to  complete c o n s t ru c t io n
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o f  t h e  e m p i r i c a l  m o l e c u l a r  o r b i t a l  d i a g r a m .
D. A nalys is  of the  Ligand Group O r b i t a l s
T h e  p o s s i b i l i t y  o f  i n t e r a c t i o n  b e t w e e n  t h e  p i  m o l e c u l a r  
o r b i t a l s  o f  p - d i k e t o n e  r i n g  s y s t e m s  h a s  b e e n  e x p l o r e d  i n  s o m e  d e t a i l  
a n d  i t  h a s  b e e n  p r e d i c t e d  t h a t  i n  s y s t e m s  w h e r e  m e t a l - l i g a n d  
T T - b o n d i n g  o c c u r s  a n d  t w o  o r  m o r e  k e t o e n o l a t e  r i n g s  a r e  b o u n d  t o  t h e  
m e t a l ,  i t  i s  p o s s i b l e  t o  r e m o v e  t h e  d e g e n e r a c y  o f  t h e  tt l e v e l s  i n  
t h e  v a r i o u s  r i n g  s y s t e m s .  A l t h o u g h  t h e  a g r e e m e n t  b e t w e e n  t h e
17c a l c u l a t i o n s  a n d  t h e  o b s e r v e d  s p e c t r a  h a s  s o m e t i m e s  b e e n  p o o r
t h e  r e s u l t s  i n  m a n y  c a s e s  h a v e  c o r r e c t l y  p r e d i c t e d  s p l i t t i n g s
2 15 18 19which were a c t u a l l y  observed ’ ’ ’ . The presence of only one
c h e la t e  r in g  in  the  complexes be ing d iscussed  here  p reven ts  any 
s p e c i f i c  a p p l i c a t i o n  of the  r e s u l t s  obta ined  by the above workers ,  
but i n t e r a c t i o n  between the p -d ike tone  system and the f i l l e d  pz
c h l o r o  o r b i t a l s  i s  a  p o s s i b i l i t y .
The molecular  o r b i t a l s  which might r e s u l t  from p i  bonding
i n v o l v i n g  t h e  m e t a l  d - o r b i t a l s ,  t h e  n  s y s t e m  i n  t h e  c h e l a t e  a n d
t h e  p  c h l o r o  l e v e l s  w a s  a p p r o x i m a t e d  b y  c o n s t r u c t i n g  a  d i a g r a m  z
o f  t h e  k e t o e n o l a t e  tt- l e v e l ,  t h e n  a d d i n g  t o  t h e  d i a g r a m  a l l  p o s s i b l e
a r r a n g e m e n t s  o f  t h e  p  o r b i t a l s  f r o m  t h e  p l a n a r  c h l o r o  g r o u p s  w h i c hz
17« F a c k le r ,  J . P . ,  J r . ,  Cotton,  F .A . ,  and Barnum, D.W., 
Inorg .  Chem., 2, 97 (1963).
18. F o r s t e r ,  L .S . ,  J .  Am. Chem. S o c . . 8 6 , 3001 (1964).
19. DeArmond, K . , and F o r s t e r ,  L .S . ,  Spectrochim. A c ta . 
19, 1393 (1963);  and i b i d . . 19, 1403 (1963).
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would give d i f f e r e n t  molecular  o r b i t a l s .  I t  i s  cons idered  unnecessary
to  inc lude  the p o s s i b i l i t y  of rr-bonding fo r  the p and p c h lo r inex y
o r b i t a l s  or the i n -p la n e  ch e la te  o r b i t a l s .  The only metal o r b i t a l s
a v a i l a b l e  f o r  over lap  w i th  the l igand  MO's which w i l l  be produced
a r e  d and d , and i t  must be kept  in  mind t h a t  these  d o r b i t a l s  xz y z ’ 1
a r e  s t r o n g ly  involved in  n-bonding to  the  oxo group.
A t y p i c a l  l igand  p i  o r b i t a l  i s  shown in  Figure  13; a more
e x te n s iv e  diagram showing a l l  of the r e s u l t a n t  o r b i t a l s  i s  found
i n  Appendix 11. The phase of the ch e la te  o r b i t a l s  a t  the  v a r io u s
atoms i s  determined by the  r e s u l t s  of  a Hiickel MO c a l c u l a t i o n  on
17the  a c e ty l a c e to n a t e  ion performed by F o r s t e r  . Amplitudes a re  
no t  cons ide red .  The symmetry of the l igand  o r b i t a l s  i s  eva lua ted  
us ing  the c h a r a c t e r  t a b l e  on page 82.
The r e s u l t  o f  co n s t ru c t in g  a l l  of  the probable  l igand 
o r b i t a l s  which might be involved  in  p i-bonding w i th  the d and
XZ
d metal o r b ita ls  i s  the observation that two f i l l e d  tt o r b ita ls  yz
of  a 1 symmetry and one of a" may e x i s t .  The a 1 o r b i t a l s  may
i n t e r a c t  only w i th  the d o r b i t a l  and the  a" only  w i th  d because J xz J yz
the  l igand o r b i t a l s  must have the  same symmetry as the metal  o r b i t a l s
in  order  f o r  i n t e r a c t i o n  to  occur r e s u l t i n g  in  a molecular o r b i t a l .
Four l igand o r b i t a l s  a re  produced by the combination of
tt^  and the ch loro  pg o r b i t a l s ,  a l l  having a" symmetry. These may
form molecular  o r b i t a l s  only with the  d metal o r b i t a l .J yz
Having c rea ted  a model s u i t a b l e  f o r  the  in t ro d u c t io n  of 
p i -bonding  between the metal and l igands  o th e r  than  the oxo group
F ig u re  13.  Ligand Group O r b i t a l s  Formed by the  Combination 
o f  t h e  Chloro p 2  and ^ - D i k e t c n o  Tr O r b i t a l s
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the next s te p  i s  to  a s s ig n ,  i f  p o s s i b l e ,  the frequency of  the 
tt^  «- tt^  t r a n s i t i o n  and de termine the e x t e n t  of s h i f t i n g  which 
has occur red ,  comparing t h i s  v a lu e  to t h a t  of  the f re e  l igand .
The magnitude of the s h i f t  should be i n d i c a t i v e  of  the e x te n t  of 
the rr-bonding and the  d i r e c t i o n  o f  the s h i f t  should ,  as  has been 
p r ev io u s ly  exp la ined ,  be evidence of the  p o s i t i o n  of  the  d and
XZ
d o r b i t a l s  r e l a t i v e  to  it*, yz 4
Eo Assignment of the tt^  «- n^ I n t r a l i g a n d  T r a n s i t i o n
In  [(C2 H5 )^NlMoOCjJ3 (F6 A)] t h i s  assignment seems to  be very  
s t r a ig h t - fo rw a rd o  Only one in te n se  band i s  observed near the  reg ion  
where the a b so rp t io n  i s  to  be expected,  the band a t  32.2 kK*. The 
only o th e r  band in te n se  enough to  be cons idered  as the i n t r a l i g a n d  
t r a n s i t i o n  i s  a t  42.7 kK. The frequency of the a b s o rp t io n  in  the 
f r e e  l igand  i s  32.7 kK. As has been emphasized e a r l i e r  any n-bonding 
between the metal  and l ig an d s  o the r  than the oxo group i s  expected 
to  be v e ry  weak. There a r e  no grounds f o r  d i s p u t in g  the Gray and 
Hare assumption th a t  the oxo group has the predominant e f f e c t .
This  leads  to  the  b e l i e f  t h a t  any s h i f t  of the  (3-diketone energy 
l e v e l s  due to  n-bonding should be r a t h e r  smal l .  I t  seem-: almost  
c e r t a i n  t h a t  the  a b so rp t io n  band a t  32.2  kK i s  the  t r a n  '. ion  in  
q u e s t io n .  The important  f a c t s  to  note a re  the small s ize  of the 
s h i f t  and the decrease  i n  frequency.
A s im i l a r  s i t u a t i o n  p r e v a i l s  fo r  the compound [(CgH^^N] 
[MoOBr^CDBM)] .  The only s t rong  band i s  a t  29.4 kK. This r e p re s e n t s
* A l l  f req u en c ie s  mentioned are  v a lu e s  from a c e t o n i t r i l e  
s o lu t i o n s  u n le ss  o therwise  noted.
I l l
a s l i g h t  decrease  in  frequency compared to  the f r e e  l igand va lue  
(29.5  kK). In  f a c t ,  the  s iz e  of the s h i f t  i s  sm a l le r  than the 
accuracy  expected in  de te rm in ing  the f r e q u e n c ie s .
The spectrum of [(C 2 ll3 ) 4 N]iMoOC/3 (DBM) ] i s  d i f f i c u l t  to  
i n t e r p r e t  a lone because i n t e n s e  bands e x i s t  a t  32 .8  and 29.2 ,  e i t h e r  
o f  which might be ass igned  as  *- n^- I t  would be expected th a t  
t h e  t r a n s i t i o n  would have a s im i l a r  energy in  t h i s  compound to t h a t  
suggested above fo r  the same t r a n s i t i o n  in  the bromo analogue.  This 
favors  the  assignment of the band a t  29.2 kK. The p o s s i b i l i t y  i s  
supported by the  f a c t  t h a t  the 29.2 kK band s h i f t s  s l i g h t l y  to  
h igher  f req u en c ie s  in  a l e s s  p o la r  s o lv e n t ,  such as  methylene 
c h l o r id e ,  while  the band at. 32.8  i s  decreased in  frequency by 
1.6 kK when observed in  methylene c h lo r id e .  The d i r e c t i o n  of the 
s h i f t  i n  the former i n s t a n c e  i s  more c o n s i s t e n t  w i th  the behavior  
expected fo r  a «- IT3  t r a n s i t i o n .  The band a t  29.2 kK i s  almost  
s u re ly  t h i s  t r a n s i t i o n  fo r  the compound under examinat ion .  I t  
should be noted t h a t  a s l i g h t  decrease  in  f requency (29.5  to  29.2 kK) 
i s  measured in  t h i s  band r e l a t i v e  to the  f r e e  l ig a n d .
For bo th  [(C 2 H5 ) 4 N][MoO« 3 (TF3 A) ] and [(C 2 H5 ) 4 N'][MoOCj&3 (BF3 A) ] 
two in te n se  bands a re  d e t e c t e d ,  e i t h e r  one of which might be the 
i n t r a l i g a n d  t r a n s i t i o n  in  q u es t io n .  . In  both  cases  the h igher  
f requency  band s h i f t s  in  the oppos i te  d i r e c t i o n  from t h a t  expected 
fo r  a rr |  «- n3  t r a n s i t i o n  when the so lven t  p o l a r i t y  i s  decreased .  
T he re fo re ,  the lower frequency bands (29.1  and 29.9) are  chosen as  
the c o r r e c t  ass ignm ents .  These bands a re  both s l i g h t l y  lower than
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the f r e e  l igand t r a n s i t i o n s  (31.1  and 30.6 kK r e s p e c t i v e l y ) .
To summarize the above ass ignm ents ,  in  every case the
band in d ica ted  to be the <- t r a n s i t i o n  i s  d iscovered  a t  s l i g h t l y
lower f requency than the corresponding  t r a n s i t i o n  in  the uncomplexed
l ig a n d .  This d a ta  may be i n t e r p r e t e d  to complete the molecular
o r b i t a l  diagram which was begun e a r l i e r .
The small s iz e  of  the s h i f t  observed in  the i n t r a l i g a n d
t r a n s i t i o n  i s  very  encouraging toward the a p p l i c a t i o n  of the
Barnum approach to the system. As has r e p e a te d ly  been emphasized)
the  oxo group i s  r e sp o n s ib le  fo r  most of  the  m e ta l - l ig an d  p i
b o n d i n g  a n d  a n y  e f f e c t  a r i s i n g  f r o m  T T - b o n d i n g  i n v o l v i n g  t h e  o t h e r
l ig an d s  must be expected to -be  s l i g h t .  The decrease  observed in
th e se  cases  may be cons idered  as  t e n t a t i v e  evidence t h a t  both dJ xz
and d ^  l i e  s l i g h t l y  above the n* l igand  o r b i t a l .
Determ inat ion  of whether any mixing e x i s t s  between the
chloro  groups and the c h e la te  p i  system i s  in co n c lu s iv e .  The
p-dike tone  o r b i t a l  has a" symmetry and so may over lap  s l i g h t l y
w i th  the d o r b i t a l .  As w i l l  be shown below t h i s  alone i s  yz
s u f f i c i e n t  to  e x p la in  the frequency s h i f t s  noted above. On the 
o th e r  hand, the group of bands ("moderate i n t e n s i t y " )  p rev io u s ly  
ass igned  as  l ig a n d - to -m e ta l  must be exp la ined .  I f  no l igand o r b i t a l  
mixing i s  allowed th e r e  should e x i s t  only two t r a n s i t i o n s  of t h i s  
ty p e ,  one from a ch loro  l e v e l  and one from Ins tead  as  many
as  th re e  t r a n s i t i o n s  a re  found, and the e n e rg ie s  of these  bands 
i s  somewhat lower than  might be a n t i c i p a t e d  fo r  an e x c i t a t i o n
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o r i g i n a t i n g  in  a ch loro  l e v e l ,  i f  the v a lue  of the l ig a n d - to -m e ta l  
t r a n s i t i o n  of the compound (NlI^)MoOC^^ , which presumably has i t s  
o r ig i n  in  a p i  ch loro  l e v e l ,  might be used as a measure„ The 
frequency s e p a ra t io n  i s  sm al le r  than  might be expected fo r  o r b i t a l s  
r e s u l t i n g  from l igand o r b i t a l  mixing, but the v a r i a t i o n  in  the 
s e p a ra t io n  i s  too la rge  to  be explained  as v i b r a t i o n a l  . .sp l i t t ing , ,
In  the face of  such u n s a t i s f a c t o r y  arguments i t  i s  presumed th a t  
the s im ples t  s o lu t io n  i s  the b e s t  cho ice ,  a l though  f u r t h e r  examination 
o f  the problem should be a t tempted a t  some l a t e r  t ime.
A t e s t  i s  p o s s ib le  to  examine the  v a l i d i t y  of the approach
based on the  work of Barnum. Consider  the e f f e c t  of p i  bonding on
the d and tT? o r b i t a l s  only .  Increased  over lap  between these  yz 4 J
o r b i t a l s  should cause the d o r b i t a l  to in c re a se  s l i g h t l y  in  energy 
and the tt*  l e v e l  to  decrease  s l i g h t l y .  Since the d^z o r b i t a l  i s  
th e  same e n t i t y  in  a l l  of the chloro  complexes and the i s  very  
s im i l a r  in na tu re  f o r  a l l  of the g -d ik e to n e s ,  i t  seems a l o g i c a l  
assumption to  presume the  e x te n t  of the over lap  between these  
o r b i t a l s  w i l l  be l a r g e l y  determined by the  energy of the l e v e l .
The more s i m i l a r i t y  i n  energy between the two o r b i t a l s  in a given 
compound, the  g r e a t e r  the expected mixing. D e lo c a l i z a t i o n  of the 
e l e c t r o n  d e n s i ty  in  the r in g  p i  system i s  accomplished by the 
presence of a romatic  groups,  but not by the f lu o ro  groups.  On 
the  b a s i s  of t h i s  reasoning  the t t *  l e v e l  should l i e  a t  lowest 
energy,  i . e . ,  l e a s t  o ve r lap ,  in  the dibenzoylmethane complex and 
a t  h ig h e s t  energy in  the hexaf luoro  complex, i . e . ,  g r e a t e s t  over lap .
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This  sugges ts  t h a t  the  s h i f t  in  the tt '^ «- tt^ t r a n s i t i o n  should be 
g r e a t e s t  i n  the l a t t e r  case and sm a l le s t  in  the former with, the 
remaining compounds having in te rm e d ia te  v a lu e s .  Considering  the 
magnitude of  the e f f e c t  being measured the  r e s u l t s  a re  very  
encouragingo The only compound to  f a l l  s e r i o u s ly  out of  l i n e  
i s  [(C 2 H2 )^N][MoOC^2 (BF 3 A) ]<> This  i s  not d i f f i c u l t  to “u n d e r s tan d . 
The band measured in  t h i s  compound i s  a shoulder  on a more in ten se  
a b s o rp t io n  and some margin fo r  e r r o r  can be allowed on t h i s  b a s i s .  
Agreement i s  by no means e x c e l l e n t ,  but the rough c o r r e l a t i o n  i s  
encouraging.
Anothe.r t e s t  of the model i s  to  determine i f  a s h i f t  in  
th e  dyz «- d^ 2  y 2  t r a n s i t:i-on fo l lows  the p a t t e r n  p re d ic ted  above. 
Using the main peak, r a t h e r  than the small shou lde r ,  agreement i s  
aga in  found. The h ig h e s t  frequency i s  observed fo r  the compound
^ C2H5) 4N-^Mo0CjS (F6A )-' and the lowest f o r  [(C2H ) 4 N][MoOCje3 (DBM) ]. 
I t  would be naive to p r e se n t  these  r e s u l t s  as a v e r i f i c a t i o n  of  the 
approach used, but  the agreement i s  s u f f i c i e n t l y  good to countenance 
f u r t h e r  i n v e s t i g a t i o n s  us ing t h i s  method.
The completed molecular  o r b i t a l  diagram, r e p re s e n t in g  the 
u l t im a te  summation of  the  ex ten s iv e  e m p i r ic a l  d i s c u s s io n s  of t h i s  
d i s s e r t a t i o n ,  i s  found in  F igure  14. Only o r b i t a l s  presumed to 
be importan t  in  the assignment  of the e l e c t r o n i c  t r a n s i t i o n s  in  
the reg ion  10 to 45 kK are  included.
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SUGGESTIONS FOR FUTURE WORK
There a re  a number of  a reas  connected w i th  the  work 
r ep o r ted  in  t h i s  d i s s e r t a t i o n  which might serve  as avenues f o r  
f u r t h e r  s tudy.  Although most of the prominant bands in  the . spec tra  
of  the complexes have been a s s ig n ed ,  a few in ten se  h igh  frequency 
bands have not been d i s c u s s e d .  The reason fo r  ig n o r ing  these  
a b s o rp t io n s  i s  s im ple ;  the  s t a t e  of  the  a r t  i s  not  y e t  adequate 
to  a t tem pt  to ex p la in  ' these  cases  us ing  the type of q u a l i t a t i v e  
arguments which have been used e f f e c t i v e l y  f o r  the o th e r  bands.
There i s  no consensus of op in ion  on the assignments  o f  bands in  
t h i s  r eg io n  which can be ap p l ied  to  the p re se n t  case .  D i f f e r e n t  
workers ,  us ing d i f f e r e n t  methods of c a l c u l a t i o n  do not  agree on 
the b e s t  assignment.  As the s i t u a t i o n  becomes c l a r i f i e d ,  these  
bands should be re-examined,  and f u r t h e r  assignments  a t tem pted .
To make the t a sk  of c l a s s i f i c a t i o n  s im pler  f o r  these  bands 
and to provide a f u r t h e r  t e s t  fo r  the assignments  of  the e l e c t r o n i c  
s p e c t r a  proposed in  the preced ing  d i s c u s s io n ,  i t  would be very  
h e l p f u l  to  have s p e c t r a  from o the r  {3 -d ik e to n e  complexes of  
oxomolybdenum(V). I t  might be p o s s ib le  to  d iscove r  some new plan 
of a t t a c k  which would make the p re p a ra t io n  of f u r t h e r  new compounds 
a r e a l i t y .  S im i la r  p r e p a ra t i v e  work should be t r i e d  w i th  the 
oxotungsten(V) complexes and compounds invo lv ing  molybdenum(VI). 
These spec ie s  would provide a use fu l  comparison f o r  the  compounds 
a l r e a d y  a v a i l a b l e .
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C a lc u la t io n s  invo lv ing  the new compounds have not been 
attempted and an e f f o r t  should be made t o  app ly  some of  the more 
common mathematical  models to t h i s  system. As may be noted 
throughout  the  d i s s e r t a t i o n  the r e s u l t s  of such c a l c u l a t i o n s  are  
not i n f a l l i b l e ,  but they  do provide a u s e fu l  to o l  f o r  the f u r t h e r  
e l u c i d a t i o n  of the s p e c t r a  observed.
One r e s u l t  of t h i s  work which the au thor  d e f i n i t e l y  in tends  
to r e - i n v e s t i g a t e  a t  the e a r l i e s t  o p p o r tu n i ty  i s  the i d e n t i f i c a t i o n  
of the m a t e r i a l  produced by halogen exchange. I f  t h i s  i s  t r u l y  a 
f lu o r o  compound, as the evidence seems to i n d i c a t e  s t r o n g l y ,  i t  i s  
unique in  the f i e l d  of oxomolybdenum(V) chemis try and i t  would be 
v e ry  i n t e r e s t i n g  to  examine•the sp e c t r a  of t h i s  s p e c ie s .  I t  i s  a l s o  
p o s s ib le  t h a t  i t  might serve as a t e s t  of  some of the  assignments  
proposed p rev io u s ly .
Another exper imenta l  f i e l d  which was not cons idered  in  the 
p re se n t  work i s  the p o s s i b i l i t y  of o b ta in in g  luminescence s p e c t r a .
An u n su ccess fu l  a t tem pt  was made but  t h i s  f a i l u r e  i s  not  considered 
to  be d iscou rag ing .  A more c a r e f u l l y  prepared a t tempt might w el l  
be s u c c e s s fu l .
As a f i n a l  sugges t ion  f o r  f u tu r e  endeavors the au thor  
d i r e c t s  f u r t h e r  a t t e n t i o n  to the  work of  Barnum, which has been 
app l ied  to  the p re sen t  case w i th  some apparen t  success .  A d e t a i l e d  
a n a l y s i s  of  t h i s  method, e s p e c i a l l y  w i th  a view toward t e s t i n g  the 
fundamental assumptions,  might add a po ten t  t o o l  to the procedures  
c u r r e n t l y  used fo r  the  i n v e s t i g a t i o n  of  charge t r a n s f e r  s p e c t r a .
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APPENDIX I
EFFECT OF A TETRAGONAL CRYSTALLINE FIELD UPON METAL d-ORBITALS
The e f f e c t  upon the d - o r b i t a l s  of a metal ion due to 
the  e l e c t r o s t a t i c  p o t e n t i a l  a r i s i n g  from a t e t r a g o n a l  d i s t r i b u t i o n  
of l igands  w i l l  be to  remove some of the degeneracy of  these  
l e v e l s .  The e x t e n t  of  t h i s  s p l i t t i n g  may be de te rm ined 'by  
a p p l i c a t i o n  of  f i r s t  o rder  p e r t u r b a t i o n  theo ry ,  as  desc r ibed  by 
Companion and Komaryaslcy'*'. The fo l low ing  t re a tm en t  i s  based on 
t h a t  method supplemented by r ead in g s  in  s e v e ra l  s tandard  r e fe r e n c e  
works2’ 3 , 4 .
In  p r i n c i p l e  the energy of any system may be determined 
by s o lu t io n  of  the Schroedinger  Equation
HY =  EY
to  o b ta in  the  e ig en v a lu es ,  E, which correspond to  the energy. 
Althought t h i s  s ta tem en t  i s  r ig o r o u s ly  t r u e  the problem of  s o lu t i o n  
can be so d i f f i c u l t  as  to  be impossible  un le ss  c e r t a i n  s im p l i fy in g  
assumptions are  made. For a meta l  ion i n  a t e t r a g o n a l  f i e l d  the 
Hamiltonian  o p e ra to r  f o r  the system may be assumed to  c o n s i s t  of 
two p a r t s
H = H + V o —
1. Companion, A. L . , and Komarynsky, M. A . ,  J .  Chem. E d . . 
41, 257 (1964).
2. M o f f i t t ,  W., and Bal lhausen ,  C. J . , Ann. Rev. Phys. 
Chem.. 7, 107 (1956).
3. Bal lhausen ,  C. J . , " I n t r o d u c t io n  to Ligand F ie ld  Theory 1 
McGraw-Hill Book Co., I n c . ,  New York, 1962.
4. F ig g i s ,  B. N., " In t r o d u c t io n  to  Ligand F i e l d s " ,  
I n t e r s c i e n c e ,  New York, 1966.
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where Hq i s  the Hamil tonian o p e ra to r  f o r  the  f re e  ion and V i s  
the p o t e n t i a l  caused by the  l ig an d s .  The e f f e c t  of the second 
term should be much sm a l le r  than  th e  f i r s t  so t h a t  the l igand 
p o t e n t i a l  may be cons idered  as a p e r t u r b a t i o n  of the energy of 
the f r e e  metal  ion.
I f  the  energy of the unper turbed system i s  a r b i t r a r i l y  
taken  to  be ze ro ,  the  energy of  the  complex, r e l a t i v e  to  the 
f r e e  ion ,  i s  c a l c u l a t e d  by ev a lu a t in g  the  e f f e c t  of the e l e c t r o s t a t i c  
l igand p o t e n t i a l  upon the  d - o r b i t a l s .  This  r e s u l t s  from a s o lu t io n  
o f  the  s e c u la r  de te rm inan t  r ep resen ted  as
111 - S E,
1 pq pq k
| = 0
i s w r i t t e n in  expanded form as
H11 -  s u \ H12 - S12Ek H13 S13Ek 0 ......................
H21 - S21Ek H22 S22Ek°
= 0
Hnl - S E.n l  k nm nm k
The d e f i n i t i o n s  fo r  the terms used are
H = H = (ty* V Y dvpq qp J p -  q
. and
S = S = fY* Y dvpq qp J p q
For t h i s  problem the e ig e n fu n c t io n s  (Y*s) a re  chosen 
to  be the r e a l  d o r b i t a l s .  As w i l l  be seen s h o r t l y ,  these  fu n c t io n s  
w i l l  produce a completely  d iagona l ized  s e c u la r  de term inant  fo r  
t h i s  .case, which a l lows easy s o lu t io n  w i th o u t  the n e c e s s i t y  of 
app ly ing  group theo ry .  The d o r b i t a l s  used as  a b a s i s  s e t  a re
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w r i t t e n  i n  terms of  a r a d i a l  d i s t r i b u t i o n  fu n c t io n ,  R ^ ,  (which
g ives  the  p r o b a b i l i t y  of  f in d in g  an e l e c t r o n  a t  a d i s t a n c e ,  r ,
from the  nucleus)  and a s e t  of s p h e r i c a l  harmonics,  Y, (whichlm
d esc r ib e  the d i r e c t i o n a l  p r o p e r t i e s  of the o r b i t a l s ) .
*! = <x2_y2 = V l//2 )[Y 22 + Y2V
Y 2  = dxz = R3 d ^ ^ 2^ Y21 + Y2 1 ^
Y3 = dz2 = R3d Y20
Y4 = dyz = R ^ ( - i / / 2 ) [ Y 0 1  + Y*, ]3d * 'v - / L * 2i  ' *21 • 
= R . . ( - i / / 2 ) [ Y 9 9  + Y* ]l5 xy 3d L 22 *22
These fu n c t io n s  fo r  the d o r b i t a l s  a re  or thogonal  and 
normalized so th a t
S = 6  ■ = 1  when p=qpq pq
= 0  when p i s  d i f f e r e n t  from q
The fu n c t io n  6  i s  c a l l e d  the Kronecker D e l ta .  I f  t h i s  co nd i t ionpq
i s  app l ied  the  de te rm inan t  i s  s im p l i f i e d  to
wIIr—I
33
H 1 2 H13 «14 H!5
H2 ! H 2 2 \ H23 H24 "25
H31 H32 H33_Ek H34 H35
H41 H42 H43 H44~Ek H45
HS 1 H52 H53 H54 H55-E
= 0
Ev a lu a t io n  of the  energy of  the d o r b i t a l s  r e l a t i v e  
to  the f r e e  meta l  ion v a lu e s  r e q u i r e s  th re e  s t e p s :  1 . d e s c r i p t i o n
of  the l igand  p o t e n t i a l ,  V; 2. d e te rm in a t io n  of the  i n t e g r a l s ,  Hpq
(def ined  above) ; and 3. s o lu t i o n  of the  de terminant  f o r  the
e ig en v a lu es ,  E^.
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I t  i s  c h a r a c t e r i s t i c  of  the C ry s ta l  F ie ld  Approximation 
t h a t  the p e r tu rb in g  p o t e n t i a l  i s  presumed to  a r i s e  s o l e l y  from 
the  e l e c t r o s t a t i c  r e p u l s io n  produced by the l ig an d s ,  which are 
considered to  a c t  as  hard ,  nonoverlapping s p h e re s 0  No p ro v is io n  
i s  made in  t h i s  t re a tm en t  f o r  cova len t  bonding; the  l ig a n d s  a re  
presumed to  be p o in t  charges .
There i s  abundant evidence to  prove t h a t  cova len t  
bonding i s  importan t  i n  c o o rd in a t io n  compounds 0  This  evidence i s  
summarized in  numerous' s tandard  r e f e r e n c e s ^  so. i t  would be 
redundant  to  d i s c u s s  i t  in  t h i s  t r e a t m e n t . I t  must be understood 
a t  the  o u t s e t  t h a t  the approximations  of  the C r y s ta l  F ie ld  Theory 
do not  correspond w i th  the b es t  a v a i l a b l e  in fo rm at ion  concerning 
chemical bonding in  complexes, but  in  the absence of more p r e c i s e  
t r e a tm e n ts  i t  has produced r e s u l t s  which a re  in  q u a l i t a t i v e  
agreement w i th  exper im enta l  d a t a .
The t o t a l  e l e c t r o s t a t i c  p o t e n t i a l  of the  l igands  i s  
c o nven ien t ly  rep re se n ted  as  the summation of  the  e f f e c t s  of  the 
i n d iv id u a l  s p e c ie s .
6
Y = s  v.
i = l  1
The p o t e n t i a l  due to  a s in g l e  l ig an d ,  V^, a c t i n g  as a p o in t  charge 
on the  e l e c t r o n s  i s  the  r e l a t i o n
Vt  - C Z ^ W r y
where Z^e and e a re  the  charges  of the l igand  an! the  e l e c t r o n
5. Orgel ,  LoE., "An I n t r o d u c t io n  to  T ra n s i t io n -M e ta l  
Chemistry", John Wiley and Sons, I n c . ,  New York, 1960, pgs.113 to  131.
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r e s p e c t iv e ly  and i s  the d istance from the ligand to the 
electron,, The d istance term may be expressed as an expansion  
centered on the metal ion as i t s  o r ig in ,  using normalized harmonic
functions to match the symmetry of the system:
a
1 00 +A , r .
7 7 7 2  2  2A+1 A+l YXm ( 0 i ’ V  YAm
1 J A= o n=-A r> .
where r i s  the r a d ia l  vec to r  connecting the o r ig in  to the
e le c tr o n ,  or the vec to r  between the o r ig in  and the ligand ,
whichever i s  shorter , and r i s  the larger of these two d ista n ces .
Y., (9 ., f$ .)  and Y. (9.,<5.) are spher ica l harmonics which involveAm 1/  Am ' j ’ y
the angles 9  ^ and <5^ or 9  ^ and i> ^  r e s p e c t iv e ly ,  as shown in  
Figure 15 „ Since the Crystal F ie ld  Theory allows no o r b ita l  
overlap between the metal and the ligan d s, cases where the metal
ion to  e lec tro n  d istance  i s  greater than the metal ion to ligand
distan ce  may be ignored. Thus for a l l  cases of in te r e s t  r i s  
the length o f the vec to r  connecting the o r ig in  and the e lec tro n  
(henceforth  designated r) and r i s  the d istance  from the or ig in  
to  the ligand (designated R^). I t  i s  now p o ss ib le  to w rite  the
t o t a l  ligand f ie ld  p o te n t ia l
2
6  os +A AnZ.e
i
This rather imposing i n f i n i t e  s e r ie s  i s  s im p lif ied  by the 
observation that a l l  harmonics o f odd order are in e f f e c t iv e  for  
incom pletely f i l l e d  d -o r b ita ls  and, i f  only d -o r b ita ls  are
2
involved , the terms greater than fourth order exert no in fluence  „
'  ELECTRON 
: ^POSITIONMETAL
NUCLEUS
LIGAND
Figure 15. Coordinate System Used fo r  Metal Ion 
and Ligands
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The i n t e g r a l s ,  H , may now be c a l c u l a t e d  by i n s e r t i n g  
the  d wave f u n c t io n s  and the l igand  p o t e n t i a l  i n t o
H = (Vf V 'If dv pq J p -  q
These e x p re ss io n s  may become q u i t e  involved as  i s  shown by the 
r e s u l t i n g  s ta tem ent  of
4nZ.e 2  JL „
H „  = S 2  E TTTTTrT^ Y* (0 . , j5 . )  P R , ,  ° “177  , r  dr
3  i = l  $j= 0 , 2 , 4  m=-J& 1  1  Jo 3d R 3d
’Tf f>2 rr
JXo Jrf.O *So(e>'i> V M ) *20 slne ae d,S
g
I f  the  p o s s i b l e  mathemat ical  e x p re ss io n s  f o r  a r e  i n s e r t e d
and the i n t e g r a t i o n s  a re  examined i t  becomes apparent  t h a t  the 
i n t e g r a l s  become zero  except, those  fo r  which Y^m i s  equal  to Yqq,
Y2 0 , Y4 0  and i n t e g r a t i o n  of  th e se  terms y i e l d s  1/2 /2 , / S / l / 'n  and 
3 / 7 /Vr r e s p e c t i v e l y .  The equa t ion  i s  s im p l i f i e d  s t i l l  f u r t h e r  by 
the i n t r o d u c t i o n  of a new term, o^, the r a d i a l  i n t e g r a l ,  which i s  
equal  to
Z .e 2x _ i   pR n 2  & 2
~ nb\-l Jo 3d r  r drR7 i
These s u b s t i t u t i o n s  produce the e xp ress ion
H 3 3  = i - 1  ^  + ^35 + ^ 2 1  Y4O^0 i ’ * V a 4
Again v a lu e s  f o r  the  s p h e r i c a l  harmonics may be found in  Paul ing  
and Wilson 0  ( i f  i t  i s  kept in  mind t h a t  Y^ m = 9 ^  to  be
6 . Pau l in g ,  L , , and Wilson, E. B , , J r . ,  " I n t r o d u c t io n  
to  Quantum Mechanics",  McGraw-Hill Book Co.,  I n c . ,  New York, 1935, 
pgs. 133-5.
*So<ei* V  -  v s (3cos2 ■ x)
- i k  (f cos4 - 10 cos2 +«
In  a s i m i l a r  f a sh io n  the  o th e r  H i n t e g r a l s  may be evaluated,.
To f a c i l i t a t e  the  c a l c u l a t i o n  of  these  r a t h e r  
complicated fu n c t io n s ,  Companion and Komarynsky^" have rede f ined  
the  i n t e g r a l s  in  terms of  c e r t a i n  l igand  p o s i t i o n  f u n c t io n s ,  D^m 
and G^m, which g r e a t l y  s im p l i fy  the  e v a lu a t io n  of the  i n t e g r a l s .
The ex p re ss io n s  fo r  these  fu n c t io n s  are  s t a t e d  wherever a p p r o p r i a t e ,  
bu t  the  r e a d e r  i s  r e f e r r e d  to  the o r i g i n a l  a r t i c l e  f o r  a complete 
l i s t .
To determine th e  s p l i t t i n g  of  the d - o r b i t a l s  in  a 
c e n t r i c ,  t e t r a g o n a l  l igand  f i e l d  i t  i s  n ecessa ry  to de f in e  a 
s e t  of  l igand  c o o rd in a te s ,  determine the v a lu e s  of the  l igand  
p o s i t i o n  f u n c t io n s ,  and ev a lu a te  the  i n t e g r a l s  by i n s e r t i o n  of 
th ese  f u n c t io n s .  Then the  s ec u la r  de te rm inant  may be solved fo r  
the  e n e rg ie s  o f  the o r b i t a l s .  The co o rd in a te  system chosen f o r  
the t e t r a g o n a l  system i s  shown in  F igure  16.
The v a lu e s  of  the D. fu n c t io n s  a r e  determined to  be:JUn
„  I  i
0 0  “ ** ao 
Doo = ^ o  + 2ob
where L and S d i s c r im in a t e  between the v a lu e s  of the  near  and 
d i s t a n t  l i g a n d s .
Figure 16. Ligand Coordinates for  the Centric Tetragonal F ie ld
©« R
A 0 --------- Rs
B 180 Rs
C 90 0 K
D 9 0 180 K
E 9 0 270 Ru
F 90 90 Ru
A ll
f o r
of the  o th e r  D„ terms and a l l  o f  the  G„ terms a re  equal  t o  zero ,  JLm Zm
The above r e s u l t s  are now s u b s t i t u t e d  i n t o  the equa t ions  
H in  Table I I .
pq
H11 = D00 " 7 D20 + 56 D40 + 24 D44
/ L _ S 4 S 4 L 19 L 2_ S
11 = a0 2a0 " 7 a 2 7 a2 21 a4 21 %
H_„ = H, ,  =22
H22
44
=  11, ,  =
D00 + 14 D20
1 3  5 —  D +  —  D +  —  D14 40 + 14 U22 + 42 ^42
'44
. L , „ S 2 S 2 L 2 L 8  S
0  + 2 a 0  + 7 a 2  '  7 “ 2  '  7 “4 ‘ _  “4
H33 "  D00 + 7 D20 + 28 D40
/ L .  o s . 4  S 4 L 3 L 8 _ S
33 “ 0 2a0 7 a2 ~ 7 a2 " 1 4 14 4
H55 ~ D00 " 7 D20 +
1
56 D40
- —  d
24 44
H5 5  = 4crJ +
2 f f 0
4
7
S
“ 2 + 7
L 16 L 
a2 " 2 1  a 4
2 S 
21 a4
No d i a g o n a l i z a t i o n  of the de term inant  i s  r eq u i red  f o r  a l l  o f f -d ia g o n a l
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terms e v a lu a te  to  ze ro .  The e igenva lue  s o lu t io n s  a re  the v a lu e s  
o f  the  f i v e  i n t e g r a l s  l i s t e d  above and by r e f e r i n g  to  the o r i g i n a l  
numbering of  the d o r b i t a l s  the  fo l low ing  equiva lence  i s  e s t a b l i s h e d :
Hl l  -  E<dx2-y 2>; H2 2  = E(dxz) ;  H3 3  = E(dz2) ;  = E(dyz) ; and
Hcc = E(d )» As a check on the  r e s u l t  i t  i s  noted t h a t  i f55 xy
L Sof = o' the  e n e rg ie s  a re  e x a c t ly  the same as  those  c a l c u l a t e d  fo rit it
the  p e r f e c t  o c ta h ed ra l  f i e l d j
I t  i s  p o s s ib l e  to d i s c u s s  the c r y s t a l l i n e  f i e l d  in
terms of c*q, q^ and a^ o r  to  fo rm ula te  a new s e t  of co n s ta n t s
r e l a t e d  to  th e  o r i g i n a l  v a lu e s .  One such s e t  of c o n s ta n ts  a re
7
and A^, used by Hougen _et a l .  . The most common s e t  of
2parameters  i s  Dq, Ds, and Dt, as  def ined  by M o f f i t t  and Bal lhausen
g
and f u r t h e r  d iscussed  by P ipe r  and C a r l i n  . In the l a t t e r  paper 
th e  fo l low ing  d e f i n i t i o n s  a re  proposed f o r  these  parameters  in  
a t e t r a g o n a l  f i e l d :
Dq = |  E<r^r=>j
Bs = f  2[<r</ r >>xy ‘ <r</ r >>zl
Dt = ~ r  Z [ < / / r 5  - ( r j / r ^ J
2 1  < > xy < > 'z J
2
where Z i s  the charge magnitude,  Ze , and the r ' s  a re  the r a d i a l
v e c t o r s  as def ined  p re v io u s ly  in  t h i s  d e r i v a t i o n .  From the
d e f i n i t i o n  of  a used here
Z e 2i  1  pR d 2  i  2 .= “TTT Roj r  r  dr H 0M1 Jo 3d K.
1
7. Hougen, J . T . ,  L e ro i ,  G.E.,  and James,T.C. ,  J .  Chem. Phys. .  
34, 1670 (1961).
8 . P ip e r ,  T .S . ,  and C a r l in ,  R .L . ,  J .  Chem. P h y s . . 33. 1208
(1960) .
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one o b ta ins
o{jL = Ze <r /R >
R e s ta t in g  the  parameters  in  terms of  t h i s  r e s u l t  produces
vi<4
d s .  m  - 4 )  .
2 / L SN 
Bt  * 21(“ 4 '  °4>
a
Now s h i f t i n g  our z e ro ,  which had been def ined  as  the  energy of
L Sthe f r e e  metal ion ,  upwards by 4o!q + 2 cVq, to  emphasize the  o r b i t a l  
s p l i t t i n g s ,  and s u b s t i t u t i n g  the  Dq, Ds and Dt v a lu e s  in  the  
energy e qua t ions  produces  the  energy r e l a t i o n s h i p s  in  terms of 
the  new param ete rs :
E(d 2  2 ) = 6 Dq H* 2Ds ~ Dt
E(d ,d ) =-4Dq - Ds + 4Dtx z ’ yz
E(dz2) = 6 Dq - 2Ds - 6 Dt
E(dxy) =-4Dq + 2Ds - Dt
which correspond to the v a lu es  ob ta ined  by P ipe r  and C a r l in ^ .
I n  an a c e n t r i c ,  t e t r a g o n a l  f i e l d  ( i . e . ,  the  a x i a l  l igand
S Z~ 7+d i s t a n c e s  a re  not equal)  the  a terms must be separa ted  i n t o  a .  and a .A A I
s l i g h t l y  i n c r e a s in g  the complexity  of  the energy s t a t e d  in  terms
of  these  pa ram eters ,  but  i f  Ds and Dt a r e  red e f in ed  as  proposed
9
by Wentworth and P ip e r  i . e .
9. Wentworth. R.A.D.,  and P ip e r ,  T .S . ,  J .  Chem. P h y s . , 
41, 3884 (1964).
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7, 1 LDq = 1  o-4
1 L Z- Z-v
Ds = 7  (,2a2 ~ a2 ~ a2 ^
1 L Z+ Z-N
Dt .  — (2cv4  -  < * 4  -  < * 4  >
the  energy l e v e l s  in terms of these  parameters  remain the  same.
APF&iDIX I I
LIGAND GROUP ORBITALS POSSIBLE FOR THE NEW 
OXOMOLXBDiiNUM(V) COMPLEXES (see  page 107)
a '  TV- P.+ Pi a  v  p, - p
a  tl+ p,+p»
c f  v  p , - p
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